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We  dedicate  this  work  to  the  memory  of  Dr.  Homer 
L.  Shantz  whose  foresight  and  active  concern  for  the 
preservation  of  its  exceptional  natural  qualities  were  a 
vital  contribution  to  the  establishment  of  Saguaro  Na- 
tional Monument. 


Nowhere  in  the  world  is  there  so  fine  a  stand  of  the  giant  sahuara 
(Carnegia  gigantia)  as  in  the  area  included  in  the  University  Cactus 
Forest.  Here  the  plants  rise  so  close  together  that  at  times  it  is  difficult 
to  see  through  them  for  any  great  distance.  Unique  as  is  the  area 
because  of  the  close  stand  of  sahuara,  it  is  none  the  less  remarkable 
for  the  fine  stand  of  cholla,  viznaga,  ocotilla,  palo  verde,  and 
hackberry,  as  well  as  hundreds  of  other  interesting  plants.  Those  who 
know  every  portion  of  the  great  Southwest  maintain  that  the  area 
surpasses  them  all. 

To  allow  this  area  to  pass  to  private  ownership  and  to  allow  these 
great  plants  to  be  destroyed  or  shipped  and  sold,  would  not  only  be  a 
calamity  to  Arizona  but  to  the  nation  and  to  science  as  well.  Unfortu- 
nately the  area  had  already  been  homesteaded,  but  the  vegetation  still 
remains  in  its  virgin  state.  Many  people  have  been  interested  and 
have  contributed  to  the  preservation  of  this  area.  Now  it  stands  as 
outlined  in  the  statement.  No  finer  natural  area  can  be  found — but  an 
area  that  must  be  protected  or  it  will  soon  be  destroyed.  It  ranks  with 
the  great  Redwoods,  not  in  age  and  not  in  mass  of  vegetation,  but 
certainly  in  unique  character  and  surpasses  it  in  variety  of  form. — 

Homer  L.  Shantz,  1932. 
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Preface 


As  a  direct  result  of  the  criteria  used  in  the  selection  of 
natural  features  and  phenomena  for  designation  as  National 
Parks  and  National  Monuments,  the  National  Park  Service 
has  inadvertently  acquired  unique  problems  with  respect 
to  maintaining  the  living  natural  resources  assigned  to  its 
custody.  This  is  especially  true  with  regard  to  those  Na- 
tional Park  Service  areas  that  were  selected  because  of  the 
unique  qualities  of  specific  plant  populations. 

The  very  qualities  that  made  these  plant  populations  at- 
tractive, unique,  or  superlative  examples  of  their  kind,  were 
the  unrecognized  expression  of  exceptional  conditions,  i.e., 
atypical  environments  within  the  overall  species  range  in 
space  or  time.  Thus  the  National  Park  Service  has  been  en- 
trusted with  the  care  of  plant  populations  that  are  the 
resulting  relicts  of  past  climatic  conditions,  such  as 
redwoods  and  sequoias,  or  that  are  situated  near  the  critical 
geographic  limits  of  the  species  distribution  such  as 
saguaros. 

Instability  is  a  primary  characteristic  of  such  populations 
responding — often  in  a  dramatic  manner — to  a  constantly 
changing  climatic  environment.  Such  is  the  prevailing  con- 
dition of  the  saguaro  populations  at  Saguaro  National 
Monument  and  elsewhere  along  the  margins  of  its  distribu- 
tion in  Arizona  and  northern  Sonora.  It  is  within  this  con- 
text that  we  have  examined  and  report  here  on  the  question 
of  the  factors  concerning  the  germination,  establishment, 
growth,  and  survival  of  the  saguaro  to  the  age  of  first 
reproduction.  It  is  within  this  same  context  that  we  offer 
recommendations  for  the  management  of  these  populations. 


This  volume  is  Part  II  of  reports  on  our  continuing  in- 
vestigations on  a  particularly  sensitive  and  responsive  plant 
population  in  the  Sonoran  Desert.  Part  I  (Steenbergh  and 
Lowe  1976)  concerns  the  role  of  freezing  weather  on 
saguaro  populations  along  the  eastern  and  northern  margins 
of  saguaro  distribution  in  Arizona  and  northern  Sonora.  In 
Part  II,  this  report,  we  offer  results  and  conclusions  on  our 
experiments  and  observations  on  the  reproduction,  ger- 
mination, establishment,  growth,  and  survival  of  the  young 
saguaro  to  the  age  of  first  reproduction. 

In  Appendix  I  we  offer  management  recommendations 
based  on  our  investigations.  These  will  be  of  interest  to  the 
National  Park  Service  not  only  in  relation  to  the  manage- 
ment and  interpretive  programs  at  Saguaro  National  Monu- 
ment but  also  at  the  three  other  National  Park  Service  areas 
in  Arizona  where  responsive  populations  of  the  saguaros 
and  other  warm  desert  plant  species  also  occur— Casa 
Grande  National  Monument,  Tonto  National  Monument, 
and  Organ  Pipe  Cactus  National  Monument.  In  Appendix  II 
we  provide  for  the  benefit  of  others  with  an  interest  in  the 
ecology  and  history  of  the  saguaro,  a  revised  version  of  the 
earlier  bibliography  by  Steenbergh  (1974). 

Scientific  and  vernacular  names  generally  follow  Kearney 
and  Peebles  ( 1969)  for  plants,  except  for  cacti  for  which  we 
follow  the  classification  used  by  Benson  ( 1969).  Nomencla- 
ture for  birds  is  from  Monson  and  Phillips  (1964);  mam- 
mals from  Hall  and  Kelson  (1959),  see  also  Cockrum 
(1960,  1964). 
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Introduction 


Observe  constantly  that  all  things  take  place  by  change,  and  accustom 
thyself  to  consider  that  the  nature  of  the  Universe  loves  nothing  so  much  as  to 
change  the  things  which  are,  and  to  make  new  things  like  them. — Marcus  Au- 
relius  Antoninus,  "Meditations,"  36. 


Ours  is  a  constantly  changing  environment  and  we  most  easily  relate 
to  and  understand  those  responses  that  are  immediate  and  that  occur 
over  a  short  span  of  time.  As  the  time  span  of  those  changes  increases  it 
becomes  increasingly  difficult  for  us  to  relate  to  them,  more  so  to  un- 
derstand them.  We  have  particular  difficulty  understanding  and  accept- 
ing the  observed  effects  of  causal  events  that  long  pre-date  our  associa- 
tion with  such  results. 

So  it  is  with  the  saguaro,  that  we  regard  as  a  "problem"  the  dramatic 
fluctuations  in  some  populations  that  we  have  witnessed  during  our  brief 
temporal  contact  with  the  continuing  process  of  evolution.  With  a  max- 
imum life  span  nearly  twice  our  own,  living  saguaros  have  survived  cli- 
matic events  that  long  pre-date  our  recollection  or  knowledge.  The  spe- 
cies has  survived  through  continuing  environmental  changes  and  has 
evolved  during  millions  of  years  in  environments  that  we  have  not  ex- 
perienced, and  can  but  vaguely  comprehend.  However,  examination  of 
the  question  of  what  has  happened,  what  is  happening,  and  what  will 
happen  to  the  saguaro — at  Saguaro  National  Monument  and  elsewhere 
throughout  the  range  of  its  distribution  in  the  Sonoran  Desert — requires 
that  perspective  (Fig.  1).  It  is  within  the  framework  and  perspective  of 

Figure  1  is  a  map  located  at  the  back  of  the  book. 


2         Ecology  of  the  Saguaro 

the  evolutionary  process  that  we  explore  the  ecology  of  the  saguaro.1 

The  National  Park  Service  long  has  been  concerned  with  the  nature 
and  cause  of  dramatic  fluctuations  that  have  altered  grossly  the  struc- 
ture of  saguaro  populations  in  certain  portions  of  Saguaro  National 
Monument  (Fig.  2).2  In  the  Cactus  Forest  area  of  the  original  Saguaro 
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Fig.  2.  Vicinity  map  of  Tucson  and  Saguaro  National  Monument. 


investigations  on  the  saguaro  giant  cactus  {Cereus  giganteus  Engelm.,  Car- 
negiea  gigantea  [Engelm.]  Britt  and  Rose)  reported  here  and  elsewhere  were  in- 
dependently initiated  in  1951  by  co-author  C.  H.  Lowe.  Subsequently,  the  work 
was  continued  with  the  support  of  the  National  Park  Service  (and  others)  in 
recognition  of  the  need  for  basic  knowledge  of  the  biology  of  the  species  to  pro- 
vide information  essential  for  ecologically  sound  management  of  the  natural 
resources  of  Saguaro  National  Monument  and  other  National  Park  System  areas 
in  southern  Arizona.  Vernacular  and  scientific  names  now  most  commonly  used 
are  saguaro  and  sahuaro,  and  Cereus  giganteus  or  Carnegiea  gigantea. 

2Saguaro  National  Monument  is  comprised  of  two  separate  units  situated  on 
opposite  sides  of  the  Tucson  basin.  The  original,  Rincon  Mountain  Section  (east 
unit),  is  located  approximately  15  miles  (24.2  km)  east  of  the  Tucson  city 
center.  The  more  recently  established  Tucson  Mountain  Section  (west  unit)  is 
located  about  15  miles  (24.2  km)  northwest  of  Tucson.  Shelton  (1972)  pro- 
vided a  general  description  and  account  of  the  natural  and  human  history  of  the 
Saguaro  National  Monument. 
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National  Monument,  the  once  spectacularly  dense  concentration  of 
giant  old  saguaros  has  dwindled  in  a  few  decades  to  an  unimpressive 
population  of  sparsely  scattered  and  dying  old  individuals  (Fig.  3). 

More  important  to  the  present  and  future  condition  of  this  popula- 
tion, however,  is  the  relative  sparsity  of  younger  plants.  That  condi- 
tion—the lack  of  sufficient  younger  saguaros  to  replace  dead  and  dying 
older  saguaros—  insures  absolutely  that  the  number  of  large  saguaros  in 
this  population  will  continue  to  decline. 

The  problem  long  pre-dates  the  establishment  of  the  original  Saguaro 
National  Monument  in  1933.  The  predominance  of  older  saguaros  and 
the  lack  of  young  individuals  in  photographs  taken  more  than  40  years 
ago  clearly  reveal  a  population  already  many  years  in  trouble  (Fig.  3 A). 
To  a  greater  or  lesser  degree,  other  saguaro  populations  within  Saguaro 
National  Monument  and  elsewhere  have  undergone  similar  recent  fluc- 
tuations (Figs.  4-6). 

In  recognition  of  the  needs  of  the  National  Park  Service,  our  continu- 
ing investigations  on  the  ecology  of  the  saguaro  are  designed  to  provide 
definitive  knowledge  of  the  problem  and  to  develop  information  essen- 
tial for  interpretive  and  resource  management  programs.  Those  portions 
of  our  investigations  we  report  here  concern  the  second  aspect  of  the 
problem— the  establishment,  growth,  and  survival  of  the  young  saguaro. 
Our  experimental  designs  and  the  hypotheses  that  they  test  are  directed 
specifically  toward  obtaining  information  on  the  operation  of  natural 
selection  through  climatic  and  other  physical  and  biotic  factors  that  are 
critically  limiting  on  saguaro  populations. 

More  amazing  perhaps  than  any  aspect  of  its  biology  is  man's  emo- 
tional involvement  with  the  saguaro— the  saguaro  is  a  "hero"  among 
plants.  He  has  endowed  it  with  human  attributes  and  bestowed  upon  it 
affection  and  concern  for  its  "problems."  Moreover,  he  has  embraced 
myths,  half-truths,  and  even  eulogies  generated  by  reporters  and  feature 
writers  concerned  more  with  the  production  of  sensational  and  emo- 
tionally appealing  "doomsday"  stories  than  with  the  effective  communi- 
cation of  accurate  information.  Cast  in  the  role  of  a  "dying  hero,"  the 
saguaro  has  been  accorded  affection  and  credited  with  traits  of 
character  that  have  seriously  beclouded  general  understanding  of  the 
true  nature  of  its  biology. 

The  truth  in  its  great  complexity  lacks  such  direct  emotional  appeal. 
In  place  of  such  appeal,  the  truth  offers  a  far  more  satisfying  and  signifi- 
cant understanding  of  a  fascinating  scheme  for  survival— the  continuing 
process  of  evolution  through  millennia  of  natural  selection  in  a  rigorous 
and  ever-changing  environment.  It  is  for  those  who  find  satisfaction  in 
such  understanding  that  we  offer  the  results  of  these  investigations. 

While  the  concerns  of  the  National  Park  Service  are  necessarily 
provincial,   the   answers  to  the   question   of  the   fate   of  saguaros  in 
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Fig.  4A.  Overview  of  the  Cactus  Forest,  Saguaro  National  Monument  (east).  The  Cactus 
Forest  is  situated  in  a  gently  sloping  north-draining  basin  between  the  north-facing  slopes 
of  the  Rincon  Mountains  (behind)  and  the  south-facing  slopes  of  the  Santa  Catalina 
Mountains  on  the  horizon.  Photographed  21  Feb.  1969. 
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Fig.  4B.  Within  the  Cactus  Forest,  the  die-off  of  saguaros  continues  in  response  to  recurring 
catastrophic  freezes.  The  abnormally  slender  stems  and  contorted  form  of  moribound 
saguaros  in  the  background,  and  the  oozing  black  rot  of  the  saguaro  in  the  foreground  are 
typical  stages  in  the  delayed  collapse  of  freeze-damaged  saguaros.  As  many  as  9  years  can 
elapse  between  lethal  injury  and  the  final  collapse  of  a  freeze-damaged  saguaro.  Photo- 
graphed 28  May  1969. 
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Fig.  5A.  At  Saguaro  National  Monument  (west),  a  dense  and  vigorous  saguaro  population 
occupies  the  rocky  footslopes  and  upper  bajadas  of  the  Tucson  Mountains.  Rock  outcrops 
and  the  southwestern  slope  exposure  mitigate  extremes  of  winter  cold.  Photographed  28 
April  1974. 
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Fig.  5B.  January  1971  freeze-killed  saguaros  on  the  lower  bajada  at  Saguaro  National 
Monument  (west).  Here,  in  the  Cactus  Forest  of  Saguaro  National  Monument  (east)  and  in 
other  topographically  similar  situations,  cold  air  drainage  contributes  to  the  severity  of 
recurring  catastrophic  freezes.  Photographed  21  Nov.  1971 . 
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Fig.  6A.  A  young  saguaro  population  on  the  eastern  footslopes  of  the  Tucson  Mountains. 
A  total  of  48  juvenile  and  unbranched  young  adult  saguaros  is  visible  within  the 
photograph.  There  are  no  living  individuals  of  the  parent  generation  on  this  southwest- 
facing  slope.  Photographed  2  April  1970. 
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Fig.  6B.  An  old  saguaro  population  on  the  lower  bajada  at  Saguaro  National  Monument 
(west).  Compare  with  the  nearby  young  population  shown  in  Fig.  6A.  Fluctuation  in 
density  and  age-structure  is  characteristic  of  saguaro  populations  in  the  cold-limiting  parts 
of  the  range  of  this  subtropical  species.  Photographed  16  April  1971. 
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Saguaro  National  Monument  transcend  political  boundaries  to  include 
the  species  population  and  the  environmental  factors  that  control  the 
limits  of  its  distribution.  Thus  we  have  examined  and  report  here  not 
simply  upon  our  specific  observations  and  experiments  conducted 
within  Saguaro  National  Monument  and  at  the  University  of  Arizona, 
but  also  upon  our  investigations  and  those  of  others  made  elsewhere 
throughout  the  range  of  the  saguaro. 

The  question  of  what  has  happened,  what  is  happening,  and  what  will 
happen  to  saguaros  at  Saguaro  National  Monument  is  a  long-standing 
one  of  primary  concern  to  the  National  Park  Service.  Further,  the  an- 
swers to  that  question  directly  relate  to  the  condition  and  management 
of  saguaro  populations  at  Tonto  National  Monument  and  Organ  Pipe 
Cactus  National  Monument  (Fig.  1 ). 

The  applicability  of  these  findings  likewise  is  not  limited  by  political 
boundaries;  neither  is  the  operation  of  factors  that  control  the  fate  of 
the  saguaro  in  the  northern  portions  of  its  distribution  in  Arizona  and 
northern  Sonora  limited  in  its  controlling  effects  only  to  the  saguaro.  To 
a  greater  or  lesser  degree,  the  same  factors  are  involved  in  controlling 
the  northern  limits  of  distribution  and  population  dynamics  of  a  large 
number  of  the  tropically  derived  Sonoran  Desert  species  in  Arizona  and 
Sonora.  Particularly,  many  similar  relationships  occur  in  similarly 
evolved  species  of  giant  columnar  cacti  that  reach  the  northern  limits  of 
their  distributions  either  in  Sonora  or  in  adjacent  southern  Arizona:  or- 
ganpipe,  senita,  cardon,  and  hecho3  (Figs.  7-9). 


The  Species 

Distribution 

The  saguaro  giant  cactus  is  a  drought-adapted,  cold-intolerant,  warm- 
desert  species  that  occurs  throughout  the  length  and  breadth  of  most  of 
the  Sonoran  Desert  (Figs.  1,  3-12;  Shreve  1951;  Shreve  and  Wiggins 
1964;  Benson  1969;  Hastings  et  al.  1972).  Within  that  distribution,  it 
grows  primarily  on  the  coarse  soils  of  south-facing  rocky  slopes  and  ad- 
joining bajadas4  and  occurs  sparsely  or  not  at  all  on  north-facing  slopes 


3Organpipe  or  pitahaya  (Cereus  thurberi,  Lemaireocereus  thurberi);  senita  or 
old-man  cactus  (Cereus  schotti,  Lophocereus  schotti);  cardon  (Cereus  pringlei, 
Pachycereus  pringlei);  hecho  (Cereus  pecten-aboriginum,  Pachycereus  pecten- 
aboriginum).  See  Benson  (1940,  1950,  1969)  and  review  by  Felger  (1970); 
Shreve  and  Wiggins  ( 1964). 

4  A  bajada  is  the  broad,  gently  sloping  alluvial  plain  extending  from  the  base  of 
the  mountains  to  the  valley  floor. 
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or  in  the  poorly  aerated  fine  alluvial  soils  on  the  floor  of  the  broad  val- 
leys that  separate  the  characteristically  discontinuous  mountain  ranges 
of  the  Basin-Range  Province  (Fig.  1 1). 

At  the  southern  limits  of  its  distribution  in  southern  Sonora,  small 
disjunct  populations  occur  on  the  basalt  outcrops  of  hills  (Fig.  12B). 
Disjunct  populations  also  occur  on  rocky,  south-facing  slopes  along  the 
eastern  and  northern  limits  of  its  distribution  in  Sonora  and  Arizona 
(Fig.  12A).  The  Gulf  of  California  marks  the  western  limits  of  its  dis- 
tribution in  Sonora  (Fig.  9A).  In  southwestern  Arizona  and  at  the 
westernmost  limits  of  its  distribution  in  southeastern  California  within  a 
few  miles  of  the  Colorado  River  near  Blythe,  sparse  populations  are 
directly  associated  with  areas  of  concentrated  runoff  (Fig.  9A).  The 
metropolis  of  the  species  population  near  the  Arizona-Sonora  border 
coincides  more  or  less  with  the  center  of  its  geographic  distribution 
(Fig.  MB). 

Adaptive  evolution  and  co-evolved  species 

The  saguaro  is  one  of  a  large  group  of  tropically  derived  species  of 
columnar  cacti.  Recent  revision  of  the  genus  by  Benson  (1969)  has 
been  received  with  mixed  reaction  (see  Felger  1970).  The  saguaro  oc- 
curs only  in  the  Sonoran  Desert  where  it  overlaps  the  distribution  of 
four  other  closely  related  and  ecologically  similar  species  of  columnar 
cacti:  Cereus  pecten-aboriginum,  C.  pringlei,  C.  schotti,  and  C.  thurberi 
(Figs.  7-9).  In  South  America,  an  evolutionary  homolog  of  the 
saguaro, Trichocereus  terscheki,  occurs  in  the  Monte  of  Argentina  in  a 
climate  analogous  to  that  of  the  Sonoran  Desert. 

Reported  investigations  on  these  co-evolved,  warm-adapted  species 
are  few  but  significant  in  the  relationship  of  those  findings  to  a  more 
complete  understanding  of  the  biology  of  the  saguaro.  Solbrig  (1972) 
has  reported  on  continuing  investigations  on  the  evolutionary  sig- 
nificance of  floristic  disjunctions,  between  the  Monte  in  Argentina  and 
the  Sonoran  Desert  in  Mexico  and  the  United  States,  that  include 
columnar  cacti.  Felger  and  Lowe  (1967)  have  described  adaptive  clinal 
variations  in  physical  characteristics  of  the  stems  of  the  senita  cactus 
(Cereus  schotti). 

McDonough  (1963)  has  reported  on  phytosociological  relationships 
of  the  organpipe  cactus  (Cereus  thurberi)  and  compared  germination 
responses  (1964)  with  those  of  the  saguaro. 

Details  on  the  physiological  adaptations  of  the  saguaro  are  little 
known.  Soule  and  Lowe  (1970)  offer  the  only  report  on  physiological 
adaptations  of  the  saguaro  to  the  environmental  gradients  within  the 
geographic  range  of  its  distribution.  They  examined  the  relationship  of 
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Fig.  7A.  The  cold-intolerant  senita  cactus  (Cereus  schotti)  reaches  the  absolute  northern 
limits  of  its  distribution  in  Organ  Pipe  Cactus  National  Monument  in  southwestern 
Arizona.  Truncated  and  prostrate  stems  are  the  result  of  freeze-caused  injuries. 
Photographed  7  May  1971. 
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Fig.  7B.  The  organpipe  cactus  (Cereus  thurberi),  only  slightly  more  cold-tolerant  than  the 
senita  cactus  {Cereus  schotti),  occurs  north  of  the  United  States-Mexico  border  almost 
entirely  within  and  a  few  miles  north  of  Organ  Pipe  Cactus  National  Monument.  Nearly 
every  large  individual  in  this  northernmost  part  of  its  range  bears  a  series  of  scars  from 
recurring  freezes.  Photographed  12  July  1974. 
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Fig.  8A.  The  southernmost  saguaros  grow  on  the  slopes  of  Cerro  Masiaca,  48  km  (30 
miles)  south  of  Navojoa,  Sonora,  Mexico.  On  the  slopes,  it  occurs  with  the  closely  related 
organpipe  cactus  (Cereus  thurberi,  left  foreground)  and  hecho  (Cereus  pecten-aboriginum, 
right  foreground).  Photographed  7  Jan.  1972. 
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Fig.  8B.  Cerro  Masiaca  and  the  southernmost  saguaro  population.  The  saguaros  occur 
among  basalt  boulders  and  only  on  the  south-facing  slope  of  the  hill-they  do  not  occur  on 
the  adjoining  plain.  Subtropical  deciduous  thorn-forest,  as  seen  in  Fig.  8 A,  blankets  the 
plains  of  southern  Sonora  and  continues  into  northern  Sinaloa  on  the  distant  horizon. 
Photographed  27  Dec.  1973. 
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Fig.  9A.  The  saguaro  (left  foreground  and  right  background,  arrow  A)  occurs  with  cardon 
(Cereus  pringlei,  arrow  B),  senita  (Cereus  schotti,  arrow  C),  and  organpipe  (Cereus 
thurberi,  arrow  D)  cacti  in  the  vicinity  of  Puerto  Libertad,  and  elsewhere  along  the 
Sonora  coast  of  the  Gulf  of  California.  Teddybear  cholla  {Opuntia  bigelovi)  and  octillo 
(Fouquieria  splendens)  are  conspicuous  in  right  foreground.  Most  of  the  associated  plant 
species-but  not  the  saguaro-also  occur  in  Baja  California,  on  the  west  side  of  the  gulf. 
Photographed  19  April  1974. 
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Fig.  9B.  Sparsely  scattered  saguaros  grow  with  "desert  riparian  species,"  desert  ironwood 
(Olneya  tesota)  and  foothill  paloverde  (Cercidium  microphyllum) ,  at  the  western  base  of 
the  Mohawk  Mountains  in  Yuma  County,  southwestern  Arizona.  Along  the  moisture- 
limited  westernmost  boundaries  of  its  distribution  in  the  United  States,  the  saguaro  is 
associated  with  moisture-concentrating  drainage  channels.  The  nonriparian  desert  species 
conspicuous  in  the  foreground  are  creosotebush  (Larrea  divaricata)  and  white  bursage 
{Ambrosia  dumosa).  Photographed  13  April  1968. 
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Fig.  10A.  At  the  cold-limited  northern,  eastern,  and  upper  elevational  extremes  of  its 
distribution  in  Arizona  and  northern  Sonora,  the  saguaro  grows  on  south-facing  slopes  in 
close  association  with  boulders  and  rock  outcrops. 

The  northernmost  saguaros  (shown)  occur  at  an  elevation  of  approximately  1524  m 
(5000  ft)  in  Cottonwood  Canyon  approximately  3.2  km  (2  miles)  northwest  of  Hualpai 
Peak,  Mojave  County,  Arizona.  All  of  the  1  i  adult  saguaros  at  this  site  grow  against  the 
base  of  the  vertical  south-facing  cliff;  10  saguaros  are  visible  in  the  photograph.  Associated 
plant  species  on  the  rocky  slope  include  Canotia  holacantha  (crucifixion  thorn), 
Eriogonum  fasciculatum  (shrubby  buckwheat),  Larrea  divaricata  (creosotebush),  Fou- 
quieria  splendens  (ocotillo),  Opuntia  acanthocarpa  (buckhorn  cholla),  Opuntia  basilaris 
(beavertail  cactus),  Yucca  baccata  (banana  yucca),  Aplopappus  laricifolius  (turpentine- 
bush),  and  Gutierrezia  sarothrae  (snakeweed).  Photographed  4  May  1975. 
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Fig.  10B.  Vertical  distribution  of  saguaros  on  Tanque  Verde  Ridge  (Rincon  Mountains), 
Saguaro  National  Monument  (east).  On  this  northwest  exposure,  the  uppermost  saguaros 
grow  at  an  elevation  of  approximately  1350  m  (4400  ft).  On  the  southern  slopes  of  these 
mountains,  a  few  individuals  grow  in  a  rocky  south-facing  canyon  at  approximately  1524 
m  (5000  ft)  elevation. 

The  saguaro  species  boundary  line  runs  through  the  monument- the  saguaro 
population  at  Saguaro  National  Monument  (east)  is  a  marginal  one  in  every  sense  of  the 
word.  Photographed  14  Nov.  1969. 
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Fig.  11  A.  Saguaros  growing  on  a  south-facing  rocky  slope  72  km  (45  miles)  west  of 
Tucson,  Arizona.  Throughout  the  vast  range  of  its  distribution  in  the  Sonoran  Desert,  the 
saguaro  grows  primarily  on  the  coarse  soils  of  south-facing  rocky  slopes  and  adjoining 
bajadas.  It  occurs  sparsely  or  not  at  all  on  north-facing  slopes  or  in  the  poorly  aerated,  fine 
alluvial  soils  on  the  floor  of  the  broad  valleys  that  separate  the  characteristically 
discontinuous  mountain  ranges  of  the  Basin  and  Range  Province.  Photographed  1 1  Feb. 
1972. 


Introduction 


23 


Fig.  11B.  Saguaro  population  west  of  Quijotoa  (elev.  794  m;  2600  ft)  in  south-central 
Pima  County,  Arizona.  This  population,  growing  nearer  the  geographic  center  of  the 
species'  distribution,  exhibits  a  relatively  well-balanced  distribution  of  age-size  classes.  The 
relatively  more  stable  age  distribution  of  the  population  indicates  less  severe  winter 
freeze-kill  than  at  Tucson  and  Saguaro  National  Monument.  The  community  is  typical  of 
the  Arizona  Upland  subdivision  of  the  Sonoran  Desert  (Shreve  1951),  in  which  foothill 
paloverde  (Cercidium  microphyllum) ,  triangle  bursage  (Ambrosia  deltoidea),  ocotillo 
(Fouquieria  splendens),  jojoba  (Simmondsia  chinensis),  and  several  chollas  and  prickly 
pears  (Opuntia  sp.)  are  conspicuous  dominants.  Photographed  11  Feb.  1972. 
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Fig.  12 A.  A  small,  isolated  population  of  saguaros  growing  on  a  south-facing  rocky  slope 
near  Ruby,  Santa  Cruz  County,  Arizona.  Note  oak-studded  grassland  on  adjacent 
north-facing  slope.  Other  small  disjunct  populations  growing  in  topographically  similar 
situations  occur  elsewhere  along  the  northern  and  eastern  boundaries  of  the  species' 
distribution  in  Arizona  and  northern  Sonora.  Photographed  24  Mar.  1968. 
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Fig.  12B.  In  southern  Sonora,  at  Cerro  Masiaca  (and  Cerro  Prieto,  48  km  =  30  miles 
northward)  small  disjunct  saguaro  populations,  at  the  southern  limit  of  the  saguaro's 
range,  are  limited  to  the  basalt  boulder-covered,  south-facing  slopes  clothed  with 
subtropical  thornscrub  vegetation.  Young  saguaros  are  found  growing  in  the  boulder 
patches.  Photographed  27  Dec.  1974. 
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differences  in  the  osmotic  potential  of  saguaro  tissues  to  soil  charac- 
teristics and  climatic  gradients  over  the  range  of  the  species  in  Sonora 
and  Arizona. 

Further  studies  on  the  adaptive  mechanisms  of  the  saguaro  and  other 
species  of  columnar  cacti  will  certainly  contribute  to  our  knowledge  of 
the  ecology  of  each  of  these  species,  and  to  fuller  understanding  of  the 
basic  ecology  of  desert  ecosystems. 

Hypotheses  on  Saguaro  Population  Change 

Some  saguaro  populations  fluctuate  markedly  in  density  and  age- 
structure  (Figs.  3-6).  This  is  especially  true  and  even  characteristically  so 
in  the  cold-limiting  parts  of  the  range  of  this  subtropical  species  (see 
Harper  1967;  Steenbergh  and  Lowe  1976).  Regarding  such  fluctuations, 
as  seen  for  example  at  Saguaro  National  Monument,  we  comment 
briefly  here  on:  ( 1  )overgrazing;  (2)  climatic  change;  (3)  "disease";  and 
(4)  environmental  limiting  factors. 

The  first  three  hypotheses,  more  or  less  distinct  and  with  relatively 
long  histories,  have  originated  in  the  Tucson  area.  In  various  combina- 
tions these  basically  differing  hypotheses  attempt  to  explain  these  fluc- 
tuations of  saguaro  populations  in  various  localities.  We  briefly  discuss 
here  some  of  their  more  important  limitations  as  they  relate  to  the  in- 
terpretation of  the  experimental  results  and  observations  of  others,  and 
to  our  own  investigations  since  195 1  on  the  role  of  freezing  weather  and 
other  limiting  factors  in  the  regulation  of  saguaro  populations. 

The  grazing-plus-rodents  hypothesis 

Wilder  and  Wilder  (1939:160)  were  the  first  to  suggest  the  possibility 
that  the  sparsity  of  young  saguaros  in  some  nonrocky  habitats  might  be 
related  to  ".  .  .  the  effects  of  erosion  and  cattle  grazing.  ..."  Mielke 
(1944:4),  reporting  on  investigations  at  Saguaro  National  Monument 
(east),  noted  the  sparsity  of  young  saguaros  and,  concerning  conditions 
necessary  for  establishment,  states  "This  cannot  take  place  in  the 
presence  of  over-grazing  or  of  the  large  rodent  population,  particularly 
of  ground  squirrels,  now  on  the  Monument." 

In  regard  to  saguaro  populations  including  those  at  Saguaro  National 
Monument,  the  question  was  further  examined  and  discussed  by  Niering 
et  al.  (1963)  and  Niering  and  Whittaker  (1965).  They  concluded  that  in 
some  habitats  grazing-caused  alteration  of  the  plant  community  results 
in  increased  density  of  rodent  populations  that  destroy  young  saguaros, 
that  this  leads  to  slow  decline  and  disappearance  of  saguaro  populations 
in  these  habitats  resulting  from  failure  of  the  saguaro  to  reproduce,  and 
that  rodent  populations  may  tend  to  keep  saguaro  populations  at  lower 
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levels  on  the  bajada  than  on  rocky  slopes.  Further,  they  concluded  that 
when,  in  some  habitats,  the  effects  of  grazing  are  far  advanced  and 
rodent  populations  are  high,  these  effects  are  largely  irreversible. 

A  report  on  the  influence  of  rodents  and  lagomorphs  on  the  survival 
of  transplanted  saguaro  seedlings  at  Saguaro  National  Monument  (east) 
by  Turner  et  al.  (1969)  concluded  that  ".  .  .  there  is  no  conclusive 
evidence  that  lagging  reproduction  of  the  saguaro  forest  at  the  monu- 
ment is  a  result  of  increased  feeding  by  small  mammals  on  cacti." 

Burgess  (1964)  examined  saguaro  populations  at  Tonto  National 
Monument,  Arizona,  and  discussed  grazing  in  relation  to  observed 
bimodal  age-class  structure  of  the  saguaro  population  at  that  location. 
He  hypothesized  that  historic  grazing  may  be  responsible  for  the  relative 
sparsity  (10%)  of  saguaros  30-75  years  old,  and  that  the  much  larger 
proportion  of  younger  plants  (33%)  may  be  correlated  with  protection 
from  grazing  during  the  previous  24  years. 

Obviously,  overgrazing  produces  changes  in  the  natural  environment 
that  are  seriously  detrimental  to  the  establishment  and  survival  of  young 
saguaros.  However,  the  hypothesis  may  overestimate  the  ultimate  im- 
pact of  rodents,  and  fails  to  accord  sufficient  importance  to  the  con- 
trolling effect  of  recurring  catastrophic  freezes  in  these  marginal 
habitats. 

The  climate  change  hypothesis 

Climatic  change  (together  with  grazing)  has  been  proposed  as  a  possi- 
ble cause  of  the  lack  of  young  saguaros  in  the  "valley  portions"  of 
Saguaro  National  Monument.  Turner  et  al.  (1966:102)  suggested  that 
failure  of  saguaro  "population  recovery"  in  these  habitats  may  be  de- 
pendency related  to  a  decline  in  shrubs  and  trees;  that  "General  forces, 
such  as  grazing  or  climatic  change,  which  cause  the  loss  of  perennials, 
first  affect  the  nurse  plants,  and  then  the  influence  of  these  forces  is 
relayed  to  the  saguaro  populations." 

The  question  of  historic  changes  in  saguaro  populations  and  as- 
sociated vegetation  in  Saguaro  National  Monument  has  been  explored 
by  Hastings  and  Turner  (1965).  Photographs  they  provide  support  earli- 
er observations  that  the  saguaro  population  in  the  flat  habitat  of  the 
Cactus  Forest  area  and  the  adjacent  rolling  hill  habitat  of  the  east 
monument  was  not  maintaining  itself.  Further,  they  observed  that  "... 
in  the  rocky  foothills  and  along  the  lower  slopes  of  the  Tangue  Verde 
Mountains  .  .  .  the  saguaro  seems  to  be  re-populating  and  the  plant  com- 
munities appear  to  be  stable."  The  report  also  provides  documentation 
of  fluctuations  in  the  status  of  associated  perennial  plant  species  popula- 
tions and  offers  the  observation  that  "...  the  giant  cactus  is  dying  out, 
but  so,  in  many  parts  of  Saguaro  National  Monument,  is  much  of  the 
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rest  of  the  community  associated  with  it"  (Hastings  and  Turner 
1965:197). 

Important  as  these  observations  are,  they  are  not  explained  in  relation 
to  those  authors'  interpretations  of  climatic  change.  The  observed  die- 
off  of  large  saguaros  is  attributed  to  "bacterial  necrosis,"  and  they  offer 
that  "...  the  disease  has  probably  always  been  a  major  cause  of  death" 
(Hastings  and  Turner  1965:195). 

The  possibility  that  the  sparseness  of  young  saguaros  in  these  popula- 
tions is  related  to  the  reported  climatic  trends  could  be  assumed.  How- 
ever, Hastings  and  Turner  (1965)  drew  no  specific  conclusions  concern- 
ing the  relationship  of  the  reported  climatic  changes  to  the  observed 
sparsity  of  young  saguaros  in  these  unstable  populations,  or  to  observed 
changes  in  the  associated  plant  community. 

From  their  analysis  of  weather  records  back  to  1898,  Hastings  and 
Turner  (1965:287)  concluded:  "With  fluctuations,  winter  rainfall  has 
dropped  markedly  and  winter  temperatures  have  risen;  summer  rainfall 
has  remained  about  the  same,  or  has  decreased  slightly;  ..."  Such 
trends  would  doubtless  affect  saguaro  populations  in  California,  western 
Arizona,  and  northwestern  Sonora  where  lack  of  moisture  controls  the 
western  limits  of  the  species  distribution.  However,  as  we  will  further 
show  in  this  report,  the  observed  changes  in  the  saguaro  populations 
along  the  eastern  and  northern  boundaries  of  its  distribution — where  the 
species  is  limited  neither  by  lack  of  moisture  nor  high  tempera- 
ture—cannot be  explained  either  by  a  decrease  in  mean  winter  or 
summer  precipitation  or  by  a  rise  in  mean  winter  temperatures. 


The  "bacterial  necrosis  disease"  hypothesis 

Catastrophic  freeze-caused  lethal  injury  to  saguaros  is  followed  by 
the  dramatic  breakdown  of  damaged  tissues — often  not  evident  till  long 
after  the  critical  freeze.  The  bacterial  necrosis  of  such  damaged  tissues — 
the  so-called  "bacterial  necrosis  disease" — is  the  long-recognized, 
natural,  and  ecologically  important  process  of  natural  decomposition. 
The  once  presumed  fatal  disease  is  a  result,  not  a  cause,  of  saguaro 
death. 

"Bacterial  necrosis  disease"  has  been  called  a  "major  cause  of 
saguaro  death"  (Hastings  and  Turner  1965:195).  The  attrition  of 
saguaros  in  the  Cactus  Forest  area  of  Saguaro  National  Monument 
(east)  attributed  primarily  to  "bacterial  necrosis  disease"  together  with 
failure  to  "maintain  an  adequate  rate  of  natural  repopulation"  has  led  to 
the  prediction  that  this  plant  population  will  cease  to  exist  by  the  end  of 
this  century  (Alcorn  and  May  1962). 
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In  his  original  description  of  the  species,  Engelmann  (1852)  remarked 
on  the  ".  .  .  decomposition  of  the  fleshy  parts"  of  the  saguaro.  Nu- 
merous others  during  the  following  120  years  observed  and  reported  on 
various  causes  of  saguaro  death  and  described  the  subsequent  process  of 
decomposition  and  the  many  diverse  organisms  associated  with  that 
ecologically  important  process.5 

Shreve  (1910:238)  noted  that  saguaro  deaths  ".  .  .  are  due  in  at  least 
90%  of  the  cases  to  mechanical  factors  ..."  and  are  "...  followed  by 
the  work  of  bacteria  and  fungi."  Shreve  (1911)  subsequently 
established  that  freezing  is  an  important  cause  of  saguaro  deaths  (see 
also  Thornber  1916).  Apparently  unaware  of  this  important  early  work, 
Lightle  et  al.  (1942)  identified  a  rot-associated  bacterium  (Erwinia  car- 
negieana)  and  unfortunately  termed  the  long-known  necrosis  of  the 
saguaro  a  "disease." 

A  comprehensive  survey  on  the  condition  of  saguaro  populations  at 
Saguaro  National  Monument  (east),  in  the  Tucson  Mountains,  and  at 
Organ  Pipe  Cactus  National  Monument  was  begun  in  1941  by  the 
USDA  Bureau  of  Plant  Industry.  At  the  same  time  the  bureau  initiated  a 
massive  experimental  "sanitation  program"  involving  "surgery"  or  the 
removal  of  all  rotting  saguaros  from  a  0.5  mile2  area  ( 1.29  km2)  of  the 
Cactus  Forest  portion  of  the  Saguaro  National  Monument  (east). 

The  unpublished  reports  of  those  investigations  (Gill  and  Lightle 
1942,  1946;  Mielke  1944;  Gill  1951 )  contain  a  large  amount  of  valuable 
information  relevant  to  the  understanding  of  the  population  ecology  of 
the  saguaro  in  Arizona. 

Particularly  relevant  to  the  question  on  the  factors  limiting  the 
establishment  and  survival  of  young  saguaros  is  the  following  important 
observation  by  Mielke  (1944:3)  that  "Many  seedling  saguaros,  grown  in 
the  greenhouse,  have  been  inoculated  with  the  bacterium,  but  none  of 
them  have  ever  developed  any  symptoms  of  the  disease.  Rot  pockets 
developed  in  some  older  plants  inoculated  by  members  of  the  Plant 
Pathology  Department  of  the  University  of  Arizona,  but  the  pockets  cal- 
loused out  and  the  plants  did  not  die." 

Conclusions  relating  bacterial  necrosis  to  vigor  and  age  were  offered 
by  Gill  and  Lightle  (1946:4):  "Mortality  is  directly  correlated  with  size, 
the  larger  plants  being  subject  to  higher  death  rates  .  .  .  the  mortality 
rate  rises  sharply  in  plants  over  18  feet  high.",  and  by  Mielke  ( 1944:1 ): 


5The  list  of  references  includes  Hooker  1892;  Hubbard  1899;  MacDougal 
1908b;  Shreve  1910,  1911,  1920,  1929,  1931a,  1945,  1 95 1 ;  Brown  et  al.  1942; 
Lightle  et  al.  1942;  Gill  and  Lightle  1942,  1946;  Brown  and  Boyle  1944;  Mielke 
1944;  Boyle  1949;  Gill  1951;  Howes  1954;  May  and  Palmer  1959;  Alcorn 
1961a,  1961b,  1966;  Santana  1961;  Alcorn  and  May  1962;  Graf  1965;  Takacs 
1967;  Schuyler  1968. 
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".  .  .  only  the  older  saguaros  and  those  apparently  lacking  in  vigor  are 
killed  as  a  result  of  attack  by  the  rot."  Gill  (1951:4)  concluded  that  the 
rot  was  "linked  with  overmaturity." 

Massive  freeze-caused  death  of  saguaros  in  1 962  followed  by  bacteri- 
al necrosis  was  reported  by  Niering  et  al.  (1963)  and  Lowe  (1964, 
1966).  Steenbergh  (1970)  reported  on  rejection  of  bacterial  rot  by 
saguaros  and  on  bacterial  necrosis  following  lightning  kill  (1972).  Bac- 
terial necrosis  of  saguaros  following  catastrophic  freeze-kill  of  saguaros 
in  January  1971  is  described  by  Steenbergh  and  Lowe  (1976). 

The  relationship  between  freezing  and  the  collapse  and  decomposi- 
tion of  vegetable  tissue  has  long  been  recognized.  M.  A.  de  Candolle  ac- 
curately described  the  relationship  in  1838  (1852;  see  Chap.  VI). 

More  than  a  century— 125  years— was  to  pass,  however,  before  de 
Candolle 's  important  discovery  was  recognized  as  the  obvious  explana- 
tion for  the  reported  "epidemics  of  bacterial  necrosis  disease  of  the 
saguaro/ ' 


Limiting  Factors 

The  saguaro  giant  cactus  at  Saguaro  National  Monument  is  not  some 
rare  exception  to  the  fact  that  environmental  limiting  factors  modify  all 
terrestrial  plant  species  from  population  to  population  wherever  located 
within  the  ultimate  limits  of  the  species  distribution,  at  which  boundary 
such  factors  finally  become  100%  limiting.  Moreover,  Saguaro  National 
Monument  is  not  only  just  near  the  saguaro 's  distribution  limits,  the 
saguaro  species  boundary  line  runs  through  the  monument  (Figs.  1, 
10A).  The  monument  (east)  population  is  a  marginal  one  in  every  sense 
of  the  term. 

Temperature,  precipitation,  topography,  soil,  and  predators  are  exam- 
ples of  powerful  ecological  factor  groups  that  operate  as  density-depen- 
dent or  density-independent  limiting  factors.  Wiggins  (1937)  noted  the 
population  disaster  of  the  subtropical  organpipe  cactus  at  the  northern 
extremity  of  its  range  in  southwestern  Arizona  during  the  serious  winter 
freeze  of  1937.  In  a  concise  rephrasing  of  Taylor's  (1934)  observations 
on  the  importance  of  extremes  on  the  geographical  limits  of  the  dis- 
tribution of  species,  Wiggins  (1937)  emphasized  that  ".  .  .it  is  the 
greatest  extreme  of  a  year  of  unfavorable  conditions  or  the  greatest  ex- 
treme of  a  series  of  unfavorable  years  that  finally  limits  the  distribution 
of  species.  ..."  This  is  especially  true  for  cold-limited  subtropical  spe- 
cies as  they  occur,  for  example,  at  their  northern  latitude  and  eleva- 
tional  extremities  in  the  southern  parts  of  California,  Arizona,  New 
Mexico,  and  Texas. 


Introduction         3 

Thus  the  extremes,  not  the  means,  are  in  final  control.  Short  of 
becoming  limiting,  the  extremes  alter  the  population  age-structure  and 
growth  according  to  the  intensity  and  periodicity  of  the  factor.  For  per- 
tinent discussions  on  the  ecological  problem  in  general  and 
southwestern  communities  in  particular,  see  Thornber  (1911,  1916), 
Shreve  (1911,  1915),  Good  (1931),  MacGinitie  (1933),  Taylor  (1934), 
Mason  (1936,  1947),  Wiggins  (1937),  Turnage  and  Hinckley  (1938), 
Cain  (1944),  Went  (1957),  Lowe  (1959,  1964),  Daubenmire  (1964), 
Harper  (1967),  and  Odum  (1971). 

Among  the  many  physical  and  biotic  factors  that  are  controlling,  cli- 
mate is  the  most  clearly  overriding.  In  the  light  of  such  effective 
modifiers  of  population  systems  through  natural  selection  such  as  cli- 
mate, topography,  soils,  predators,  et  al.,  there  is  no  mystery  to  the  geo- 
graphical and  ecological  distribution  of  the  saguaro,  nor  is  there  mystery 
to  the  wide  geographic  variation  in  structure,  function,  density,  and 
fluctuation  of  saguaro  populations  within  the  huge  southwestern  range 
of  the  species  (Fig.  1 ). 

We  devoted  the  first  of  these  volumes  on  the  ecology  of  the  saguaro 
to  the  role  of  freezing  weather— the  most  periodically  damaging  as  well 
as  finally  limiting  density-independent  climatic  factor  affecting  the 
saguaro  at  Saguaro  National  Monument  and  elsewhere  at  the  edge  of  its 
range  in  Arizona.  Throughout  the  present  volume,  limiting  factors  ap- 
pear continuously  as  we  discuss  drought,  freezing,  soil-type,  slope  expo- 
sure, animals,  et  al.,  in  relation  to  experiments  and  observations  on  ger- 
mination, establishment,  growth,  and  survivorship  in  natural  populations 
of  saguaros. 


Ecological  Perspective 

We  have  previously  reported  on  various  aspects  of  the  ecology  of  the 
saguaro  since  these  continuing  investigations  were  initiated  in  1 95 1 .  The 
subjects  of  previous  reports  include  critical  factors  during  the  first  years 
of  life  (Steenbergh  and  Lowe  1969),  bacterial  decomposition 
(Steenbergh  1970),  osmotic  characteristics  of  tissue  fluids  (Soule  and 
Lowe  1970),  lightning-caused  destruction  (Steenbergh  1972),  and  the 
role  of  freezing  weather  (Lowe  1959,  1964,  1966;  Steenbergh  and  Lowe 
1976). 

In  this  report  we  include  results  and  conclusions  on  additional  experi- 
ments and  observations  on  saguaro  reproduction  and  germination, 
establishment,  survival,  and  growth  to  the  age  of  first  reproduction 
together  with  related  results  and  conclusions  from  our  earlier  reports.  In 
the  concluding  section  of  this  report  we  offer  a  brief  review  and  a 
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discussion  of  natural  and  human  historical  factors  that  bear  on  the 
question  of  the  past,  present,  and  future  of  the  saguaro  at  Saguaro  Na- 
tional Monument  and  elsewhere  in  the  northern  portions  of  its  distribu- 
tion in  Mexico  and  the  United  States. 

The  results  and  the  conclusions  presented  here  offer  a  basis  for 
management  policy  and  decisions  affecting  the  saguaro  populations  in 
question.  In  addition,  this  report  provides  information  that  can  serve  as 
a  basis  for  an  interpretive  program  that  offers  an  understanding  of  basic 
ecological  concepts  that  underlie  the  interactions  of  all  living  things 
with  each  other  and  with  the  environment  in  which  they  live — and  die. 

Management  recommendations  based  on  our  investigations,  offered 
in  Appendix  I,  are  of  particular  interest  to  the  National  Park  Service  not 
only  as  they  relate  specifically  to  saguaro  populations  at  Saguaro  Na- 
tional Monument  but  also  to  populations  in  the  three  other  national 
monuments  in  Arizona  where  the  saguaro  also  occurs:  Casa  Grande  Na- 
tional Monument;  Tonto  National  Monument;  and  Organ  Pipe  Cactus 
National  Monument.  To  a  greater  or  lesser  degree,  saguaro  populations 
in  the  latter  national  monuments  are  and  have  been  responding  to  natu- 
ral and  man-caused  environmental  factors.  To  a  large  extent,  these  same 
recommendations  are  applicable  to  the  management  of  Organ  Pipe  Cac- 
tus National  Monument  populations  of  the  closely  related  and  similarly 
responsive  organpipe  and  senita  cacti. 

The  saguaro  is  the  long-lived  integrator  of  the  natural  environment 
and  the  historic  uses  and  abuses  of  its  habitat  within  Saguaro  National 
Monument  and  elsewhere  throughout  most  of  the  Sonoran  Desert.  Thus 
the  saguaro  provides  a  long  and  useful  on-site  record  of  the  historic  en- 
vironment that  spans  nearly  the  entire  range  of  the  climatic  extremes  of 
temperature  and  moisture  of  the  Sonoran  Desert.  Knowledge  of  the 
ecology  of  this  responsive  species,  therefore,  offers  valuable  insights  to 
the  understanding  of  the  adaptive  evolution  and  the  interrelationships  of 
other  associated  desert  species  and  to  their  relationships  to  each  other 
and  to  the  environment,  past  and  present.  It  is  within  that  perspective 
that  we  have  examined  and  report  here  our  findings  and  conclusions, 
and  it  is  within  that  framework  that  we  offer  management  recommenda- 
tions on  the  saguaro  giant  cactus. 
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Reproductive  Growth 


Dr.  Parry  was  informed  that  the  flowers  were  produced  in  May  and  June, 
from  the  summit  of  stem  and  branches;  they  are  said  to  be  white,  with  a  red 
centre,  and  three  inches  in  diameter.  The  fruit  matures  in  August,  and  is  set 
with  small  spines:  it  is  obovate,  one  and  a  half  inches  in  diameter,  red,  pulpy, 
of  sweet  taste. — George  Engelmann,  "Notes  on  the  Cereus  giganteus  of 
south  eastern  California,  and  some  other  Californian  Cactaceae," 
1852:337. 


Phenology 

The  saguaro  blooms  and  produces  a  crop  of  succulent  fruits  during 
the  driest  period  of  the  year— the  hot,  often  rainless  months  of  late 
spring  and  early  summer.  In  the  absence  of  other  moisture,  fruit 
development  is  insured  by  the  reservoir  of  moisture  stored  within  the 
succulent  stem.  Thus,  each  year,  the  saguaro  produces  a  large  crop  of 
seeds  that  mature  just  prior  to  the  start  of  germinating  summer  rains. 

The  chronology  of  saguaro  flower  and  fruit  production  has  been 
described  by  Engelmann  (1854)  and  subsequently  by  other  observers 
including  Tourney  (1897),  MacDougal  and  Spalding  (1910),  Shreve 
(1929),  and  Thackery  and  Leding  (1929).  In  addition,  numerous 
references  concerning  historical  observations  on  the  timing  of  saguaro 
fruit  harvest  by  aboriginal  peoples  are  noted  by  Castetter  and  Bell 
(1937).  Johnson  (1924)  reported  on  the  effects  of  solar  radiation  and 
internal  stem  temperatures  on  the  development  of  blooms. 

The  timing  of  saguaro  flower  and  fruit  production  appears  to  be  con- 
trolled primarily  by  the  arrival  of  warm  spring  temperatures  coupled  to 
increasing  day  length  (Johnson  1924).  This  is  reflected  in  the  difference 
in  the  date  of  the  appearance  of  the  first  buds,  blooms,  and  the 
beginning,  peak,  and  decline  of  fruit  maturation  in  different  portions  of 
the  plant's  geographic  range  in  Arizona  and  Sonora. 

The  initiation  and  development  of  buds,  flowers,  and  fruits  occurs  on 
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progressively  later  dates  from  south  to  north,  and  from  lowest  to  highest 
elevations.  Moreover,  in  the  Tucson  area  there  is  a  lag  of  1-2  weeks 
between  the  first  appearance  of  buds  and  open  flowers  at  the  Saguaro 
National  Monument  west  of  Tucson  and  their  development  at  the 
original  higher  elevated  monument  30  miles  (48.3  km)  eastward.  The 
difference  in  flowering  time  (also  dates  for  budding  and  fruiting) 
between  these  saguaro  populations  is  due  to  relative  differences  in  tem- 
perature that  result  from  differences  in  elevation,  topographic  associa- 
tion, cold  air  drainage,  and  slope  exposure  (Table  1 ). 

Flowering  date  and  the  time  for  saguaro  fruit  maturation  are  highly 
variable  from  year  to  year  depending  upon  the  temperatures  occurring 
during  the  late  winter  and  spring  of  the  particular  year  and  the  geneti- 
cally controlled  variability  within  the  population. 

In  the  vicinity  of  Tucson,  the  first  flower  buds  ordinarily  appear  on 
most  individuals  sometime  during  the  last  15  days  of  April.  The  bloom- 
ing peak  ordinarily  occurs  during  the  last  week  of  May  or  the  first  week 
of  June.  A  few  individuals  bear  their  first  ripe  fruits  at  that  time. 
Thereafter,  the  number  of  ripe  fruits  increases  rapidly,  reaching  a  peak 
that  occurs  from  the  last  week  of  June  into  the  second  week  of  July  ac- 
cording to  year.  The  remaining  fruits  ripen  and  the  number  remaining 
on  the  plants  falls  abruptly  during  the  following  10  days  in  any  year 
(Fig.  13A). 

A  few  individual  saguaros  produce  blooms  and  mature  fruits  in  late 
summer,  fall,  and  even  during  winter  months.  On  one  plant,  ripening 
fruits  were  observed  on  6  January  1969.  Other  genetically  divergent  in- 
dividuals have  been  observed  to  bloom  in  December,  and  in  September 
and  October.  Generally,  such  blooming  produces  only  a  few  fruits  (or 
none),  and  these  are  usually  consumed  by  birds  as  fast  as  they  ripen.  It 
is  unlikely  that  any  germination  results  from  such  off-season  fruit 
production,  and  none  has  been  observed,  inasmuch  as  germination  is  as- 
sociated with  the  summer  warm-season  monsoon. 

Early  or  late  arrival  of  warm  spring  temperatures  (March  into  May) 
can  produce  substantial  year-to-year  variation  in  the  timing  of  bud, 
flower,  and  fruit  development.  Similarly,  because  of  warmer  tempera- 
tures there,  the  peak  of  fruit  maturation  regularly  occurs  approximately 
5-7  days  earlier  in  habitats  of  the  western  (Tucson  Mountain)  section  of 
the  monument  (elevations  upward  from  616  m  [2021  ft])  than  in  the 
comparatively  cooler  habitats  of  the  eastern  (Rincon  Mountain)  section 
of  the  monument  (elevations  upward  from  823  m  [2700  ft];  Fig.  13, 
Table  1).  A  similar  lag  of  a  week  to  10  days  in  any  given  year  occurs 
from  the  edge  of  the  Gulf  of  California  (e.g.,  in  the  vicinity  of  Bahia 
Kino)  inland  to  the  mountains  in  the  vicinity  of  Hermosillo,  Sonora,  a 
distance  of  80  km  (50  miles)  and  difference  of  700  m  (2297  ft)  eleva- 
tion. 
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Fig.  13 A.  Approximately  100  ripening  fruits  on  a  4.5-m  (14.8-ft)  saguaio  in  mid-June. 

Fruits  develop  during  the  driest  period  of  the  year-the  hot  and  usually  rainless  months 
of  late  spring  and  early  summer.  The  peak  of  fruit  ripening  in  the  Tucson  vicinity  occurs 
from  the  last  week  of  June  into  the  second  week  of  July,  depending  upon  the  early  or  late 
arrival  of  warm  spring  temperatures  in  March-April.  Photographed  17  June  1974. 
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Fig.  13B.  Reproductive  growth  of  a  "dead"  saguaro  completely  severed  from  its  roots  by 
lightning  in  early  September  1969.  The  undamaged  upper  portion  of  the  stem  produced 
buds  (arrow)  and  flowers  during  the  spring  of  1970,  and  again  in  1971. 

Energy  for  reproductive  growth  derived  from  succulent  stem  tissues  allows  flower  and 
fruit  production  to  proceed  independently  of  year-to-year  variation  in  rainfall.  Thus,  an 
annual  crop  of  saguaro  seeds  is  guaranteed  even  following  a  year  or  more  of  extreme 
drought.  Photographed  13  May  1971. 
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At  Sacaton,  Arizona,  Thackery  and  Leding  (1929)  observed  that  the 
period  for  development  and  ripening  of  saguaro  fruits  averaged  30  days 
for  flowers  that  appeared  in  June.  At  Tucson,  McGregor  et  al.  (1962) 
found  that  the  average  time  for  fruit  development  from  flowering  to 
maturity  was  37  days  (range  31-45  days).  They  also  observed  that  fruits 
from  late-blooming  flowers  matured  at  a  faster  rate  (the  low  end  of  the 
range)  than  those  which  opened  at  an  earlier  date. 

During  years  when  flowering  is  delayed  by  cold  spring  temperatures, 
we  have  observed  that  there  occurs  a  similar  speed-up  in  fruit  develop- 
ment. During  occasional  years  when  low  temperatures  delay  spring 
blooming  by  as  much  as  a  full  month,  the  subsequent  delay  in  fruit 
development  may  be  only  7-10  days  due  to  process  "catch-up"  toward 
the  end  of  the  reproductive  season.  Such  a  1-2  week  delay  in  seed  drop 
coupled  with  an  earlier-than-usual  arrival  of  good  summer  rains  have 
occasionally  produced  a  bumper  crop  of  saguaro  seedlings. 

The  flowers  of  the  saguaro  open  during  the  early  nighttime  hours  and 
remain  open  until  afternoon  of  the  following  day  (see  Peebles  and 
Parker  1941).  We  have  found  that  saguaro  flowers  and  those  of  other 
large  columnar  species  stay  open  longer  on  cool  days  and  on  days  earli- 
er (cooler)  in  the  spring  flowering  season. 

Natural  pollination,  which  is  accomplished  by  animals,  occurs 
primarily  during  nighttime  and  early  morning  hours.  Cross-pollination, 
essential  for  fertilization  and  fruit  development,  is  effected  by  a  variety 
of  flying  animals  (insects,  birds,  and  bats)  that  feed  upon  the  pollen  and 
copious  nectar  of  the  open  flowers  (MacDougal  1905;  Alcorn  et  al. 
1959,  1961;  McGregor  et  al.  1959,  1962). 


Freeze  and  Drought  Limitations 

Reproductive  growth  occurs  during  the  driest  period  of  the  year,  and 
is  supported  by  energy  derived  from  succulent  stem  tissues  (Lloyd  1907; 
Fig.  13B).  Extreme  drought  conditions  during  winter  and  spring  appear 
to  have  little  or  no  diminishing  effect  upon  reproductive  growth 
(Thackery  and  Leding  1929).  Thus,  regardless  of  year-to-year  variations 
in  rainfall,  the  saguaro  produces  an  annual  crop  of  seeds. 

Winter  freeze-caused  injuries  can  effect  a  drastic  reduction  in  the  cur- 
rent year's  fruit  production.  Subsequent  to  severe  freezes  in  January 
1962  and  in  1971,  most  reproductive  saguaros  in  the  Tucson  area  ex- 
hibited abnormal  fruiting  patterns  and  diminished  production  of  fruits. 
Normally  productive  areas  of  stem  and  arm  tips,  often  showing  no 
evident  signs  of  injury,  failed  to  produce  fruits  (Fig.  14A;  Table  2). 

We  estimate  that  in  the  Tucson  area  in  southeastern  Arizona,  January 
freeze-caused  injury  reduced  the  1971  seed  crop  to  less  than  20%  of 
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that  for  the  previous  year  (Fig.  14A).  To  a  lesser  degree  the  1971  inju- 
ries also  reduced  fruit  production  in  1972,  when  permanent  injuries 
were  evidenced  by  barren  and  sometimes  scarred  areas  on  arm  and  stem 
tips  (Table  3). 


TABLE  2.  Effect  of  freezing  on  fruit  production  of  two  un- 
branched  saguaros  at  Saguaro  National  Monument  (east),  mature 
fruits  present  on  25  June. 

Critical  subfreezing  temperatures,  occurring  3-10  January  1971, 
produced  no  obvious  damage  to  stem  tissues  of  these  plants.  How- 
ever, fruit  production  the  following  summer  was  less  than  25%  of 
that  for  the  previous  year.  Other  plants,  some  with  visible  damage 
to  apical  stem  tissues,  exhibited  a  similar  reduction  in  fruit  produc- 
tion (see  Fig.  14A). 

Plant  _A       .    .  .  .  Matured  fruits  M 

Stem  height  j^ ^  %  Decrease 

(cm) 

69B  441  201  46  77.1 

69D  461  141  28  80.1 

Total  902  342  74 

Mean  451  171  37  78.4 


TABLE  3.  Number  of  fruits  maturing  on  each  of  four 
unbranched  saguaros  at  Saguaro  National  Monument 
(east).  Summer  production  in  1971  was  reduced  by  78% 
after  January  freeze  6  months  earlier  (see  Table  2).  The 
stem  freeze-effect  on  fruiting  also  persisted  into  1972 
and  1973. 

Saguaro  1969  1970  1971  1973 


6  11 

169  46  55 

68  91 

112  28  97 


69A 

73 

69B 

100 

69C 

76 

69D 

40 
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Fig.  14A.  The  effect  of  freeze-caused  injury  on  saguaro  fruit  development  at  Saguaro 
National  Monument  (east).  Compare  with  the  normal  plant  shown  in  Fig.  13 A. 

The  normally  productive  barren  area  of  the  crown  separating  the  two  clusters  of  fruit 
on  this  4.5-m  (14.8-ft)  plant  is  a  result  of  freeze-caused  injury  received  the  previous 
January.  In  1970,  a  year  without  critical  freezing  conditions,  201  fruits  were  present  on 
this  plant  on  25  June.  On  the  same  date  in  1971,  46  fruits  were  present  (Table  2).  Most 
other  adult  saguaros  in  the  Tucson  area  were  similarly  affected. 

Along  the  cold-limited  northeastern  boundary  of  its  range,  saguaro  seed  production  is 
significantly  reduced  during  years  when  catastrophic  freezes  occur.  Photographed  25  June 
1971. 
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Fig.  14B.  Reproductive  growth  of  a  senescent  saguaro  (arrow).  The  slender  plant  on  the 
right  (ht  12  m;  39.4  ft)  bears  two  buds,  ten  flowers,  and  two  well-developed  fruits. 
Compare  with  the  healthy  saguaro  at  far  left. 

A  common  sight  in  Saguaro  National  Monument,  the  shriveled  upper  stem  and  arms 
that  indicate  a  senescent  condition  are  the  delayed  result  of  lethal  freeze-caused 
injury -the  plant  is  dead.  Water  uptake  capability  has  been  destroyed  by  freeze-caused 
internal  damage  to  the  lower  stem.  Long  pre-existence  of  that  condition  (more  than  one 
year)  is  evidenced  by  the  severely  withered  condition  of  the  upper  stem  and  arms  which 
after  the  injury  have  continued  to  provide  energy  for  reproductive  growth.  The  ability  to 
continue  seed  production  for  one  or  more  years  after  the  occurrence  of  a  lethal  freeze 
provides  an  added  survival  potential  for  populations  along  the  cold-limited  northern  and 
eastern  margins  of  the  species  range.  Photographed  6  June  1973. 
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In  some  saguaro  stands  such  as  the  Cactus  Forest  of  the  east  monu- 
ment, a  long-term  decline  in  reproductive  growth  accompanies  the 
general  loss  of  vigor  produced  by  recurring  catastrophic  freezes 
(Steenbergh  and  Lowe  1976).  Such  stands  are  characterized  by  the  ap- 
parent senescence  of  a  larger  proportion  of  the  older  plants.  Their  nor- 
mal water-uptake  capability  damaged  or  destroyed  by  freeze-caused  in- 
juries to  the  root  crown  and  stem  base,  these  plants  exhibit  abnormally 
slender  upper  stems  and  arms  (Fig.  14B).  Such  plants  continue  to 
bloom  and  set  fruits  each  year  in  declining  numbers,  until  the  moribund 
plants  collapse  (see  MacDougal  1908b;  MacDougal  and  Spalding  1910; 
Pool  1916).  This  may  occur  up  to  9  years  or  more  after  lethal  freeze- 
caused  injury.  Some  saguaros  badly  frozen  in  January  1962  began  to  fail 
immediately  but  did  not  completely  disintegrate  until  1968-70. 

Completely  doomed  plants  continue  to  flower  long  after  their  death 
has  been  insured  by  complete  severing  of  the  stem  (Fig.  13B)  or  stem 
systems  (Fig.  14B).  Reproductive  growth,  occurring,  in  fact,  after  the 
"death"  of  the  plant,  involves  an  adaptive  strategy  that  significantly 
enhances  chances  for  survival  of  the  population. 


Reproductive  Potential 

Reproductive  growth  of  a  healthy  saguaro  begins  when  the  plant  is 
approximately  2.2  m  (7.2  ft)  tall  (Table  4;  Figs.  15A,  16).  The  first 
blooming  may  result  in  the  production  of  only  one  or  two  fruits.  The 
number  of  fruits  increases  rapidly,  however,  in  succeeding  years,  and 
production  commonly  exceeds  100  fruits  per  year  by  the  time  the  plant 
has  attained  a  height  of  4.5  m  (14.8  ft)  (Table  3;  Fig.  13).  At  that  time, 
the  first  arm  buds  develop  on  vigorous  individuals.  As  early  as  the  third 
spring  thereafter,  when  they  have  attained  a  length  and  diameter  of 
about  15  cm  (5.8  inches),  the  spherical  arms  begin  to  produce  fruits 
(Fig.  15B). 

The  number  of  fruits  borne  on  the  arms  increases  rapidly  in  succeed- 
ing years.  The  function  of  arms  on  the  saguaro  is  to  increase  the  number 
of  fruits,  and  hence,  the  number  of  seeds  produced  by  the  plant. 

Mature  fruits  weigh  about  50  g  (1.8  oz)  each  and  contain  approxi- 
mately 2250  seeds  (Table  5;  Fig.  17).  Under  natural  field  conditions  at 
Saguaro  National  Monument,  the  authors  have  obtained  up  to  60%  ger- 
mination success  from  broadcast  seeds.  Under  controlled  conditions, 
seed  viability  closely  approaches  100%.  Heit  (1970)  obtained  98%  ger- 
mination of  wild  Arizona  seeds  in  the  laboratory  (14  days)  with  alter- 
nating daily  temperatures  (20-30°C;  68-86°F)  and  exposure  to  light  (8 
hr  per  day)  with  seeds  in  closed  dishes  and  a  uniform  moisture  supply. 
McDonough  (1964)  obtained  similarly  high  germination  percentages  of 
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TABLE  4.  Reproductive  status  of  young  saguaros  at  Saguaro  National  Monument  (west), 
based  on  presence  or  absence  of  reproductive  structures  (buds,  flowers,  or  fruits)  for  all 
plants  1-4  m  (3.3-13.1  ft)  ht  in  transects  in  flat  habitat  (20  X  700  m;66  X  2297  ft)  and 
rocky  habitat  (20  X  350  m;66  X  1148  ft)  10  June  1968. 

The  mean  density  of  saguaros  1-4  m  ht  was  approximately  four  times  greater  in  the 
rocky  habitat  (78.6  stems/ha;  31.4  stems/acre)  than  in  the  flat  habitat  (18.6  stems/ha; 
7.4  stems/acre).  Data  graphed  in  Fig.  16. 


Reproductive 

structures 

Height 
Class 

Flats 

Rocks 

Total 

(m) 

Present 

Absent        Present 

Absent 

Present 

Absent 

% 

1.00-1.49 

0 

3 

0 

13 

0 

16 

0.0 

1.50-1.99 

2 

6 

3 

15 

5 

21 

15.4 

2.00-2.49 

1 

1 

4 

4 

5 

5 

50.0 

2.50-2.99 

5 

0 

4 

0 

9 

0 

100.0 

3.00-3.49 

2 

0 

7 

0 

9 

0 

100.0 

3.50-3.99 

6 

0 

5 

0 

11 

0 

100.0 

Total 

16 

10 

23 

32 

39 

42 

90-100%  with  fresh  seeds  and  noted  the  lower  values  reported  by  Al- 
corn and  Kurtz  ( 1959). 

According  to  Shreve  (1931b),  the  saguaro  begins  reproductive 
growth  at  age  50-75  years— a  conservative  estimate,  see  Tables  4  and 
28— and  lives  150-175  years.  Based  on  an  estimated  average  production 
of  200  fruits  per  year,  a  healthy  saguaro  produces  a  total  of  40  million 
viable  seeds  during  its  100-year  reproductive  life  span.  Saguaro  popula- 
tions at  Saguaro  National  Monument  and  elsewhere  in  the  Tucson  area 
are  characterized  by  high  densities  of  reproductive  saguaros  (Gill  and 
Lightle  1942;  Alcorn  and  May  1962;  Niering  et  al.  1963).  In  bajada 
stands  at  Saguaro  National  Monument,  Niering  et  al.  (1963)  reported 
densities  of  reproductive  size  saguaros  (plants  greater  than  2  m  ht;  6.6 
ft)  of  101  stems/ha  (2.5  acres)  in  the  east  monument,  and  154  stems/ha 
in  the  west  monument. 
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Fig.  15  A.  Reproductive  growth  of  a  saguaro  begins  when  the  plant  is  approximately  2.2  m 
(7.2  ft)  tall  (see  Fig.  16).  The  first  blooming  commonly  results  in  the  production  of  only 
one  or  two  fruits.  The  production  of  fruits  increases  rapidly  in  succeeding  years  and 
commonly  exceeds  100  fruits  per  year  by  the  time  the  plant  has  attained  a  height  of  4-5  m 
(13.1-16.4  ft).  Photographed  17  July  1973. 
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Fig.  15B.  Five  small  arms  produced  113  of  the  total  annual  crop  of  182  fruits  on  this  5-m 
(16.4-ft)  saguaro.  During  the  fourth  spring  after  their  first  appearance,  three  visible  30-cm 
(12-inch)  arms  bear  a  total  of  103  ripening  fruits.  Two  third-year  arms  behind  (16  and  18 
cm;  0.5  and  0.6  ft)  produced  an  additional  four  and  six  fruits,  respectively. 

Arm  buds  emerge  during  the  summer  growth  period,  when  the  plants  have  attained  a 
stem  height  of  4-5  m  (13.1-16.4  ft)  or  more.  Reproductive  growth  on  arms  has  been 
observed  the  third  spring  thereafter  when  the  arms  have  attained  a  diameter  of  about  15 
cm  (5.8  inches). 

The  function  of  arms  on  the  saguaro  is  to  increase  the  number  of  fruits,  and  hence  the 
number  of  seeds,  produced  by  the  plant.  Photographed  25  June  1974. 
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Fig.  16.  Heights  and  percentage  of  saguaios  with  reproductive  structures  (buds,  flowers, 
or  fruits)  at  Saguaro  National  Monument  (west);  N  =  81.  The  sample  includes  all  plants  1-4 
m  (3.3-13.1  ft)  tall  in  transects  in  flat  habitat  (20  X  700  m;  66  X  2297  ft,  N  =  26)  and 
rocky  habitat  (20  X  350  m;  66  X  1148  ft,  N  =  55).  The  numbers  above  each  bar  are  the 
reproductive  (upper  number)  and  nonreproductive  plants  (lower  number)  in  each  height 
class. 

In  this  population  the  approximate  mean  height  at  the  age  of  first  flowering  is  2.25  m 
(7.4  ft).  Data  in  Table  4. 
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TABLE  5.  Size,  weight,  and  seed  content  of  ripe  saguaro  fruits  (N  =  18)  collected  21  June 
1968,  Saguaro  National  Monument  (west).  The  mean  seed  weight  is  1.3  mg  (0.02  grain). 


Measurement 

Mean  (±  SE) 

Range 

95%  Confidence  limits 

Whole  fruits 

Length  (mm) 

70.28  ±  1.99 

57-83 

63.97-76.59 

Max.  Dia.  (mm) 

38.39  ±  0.52 

34-43 

37.30-39.48 

Volume  (cc) 

52.22  ±  1.95 

36-64 

48.09-53.31 

Weight  (g) 

52.55  ±  1.91 

37.09-63.99 

48.51-56.59 

Seeds  per  fruit  (air  -dry) 

Weight  (g)  3.01  ±  0.15  1.79-3.89 

Number3  2263.00  ±  108  1488-3124 


2.69-3.33 
2035-2490 


aBased  on  100%  count  of  seeds  from  2  fruits  and  200  seed  samples  from  the  remaining  16 
fruits. 


Assuming  an  average  annual  productivity  of  200  fruits  per  plant 
(Thackery  and  Leding  1929),  the  annual  reproductive  potential  of  the 
east  monument  stand  is  40.4  million  seeds/ha  (2.5  acres)  and  for  the 
west  monument,  61.6  million  seeds/ha  (2.5  acres).  It  is  evident  that  the 
heretofore  reported  sparsity  of  young  saguaros  in  these  stands  cannot  be 
attributed  to  a  lack  of  viable  seeds. 
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Fig.  17 A.  Ripe  saguaro  fruit;  seed  mass  drying  in  open  receptacle  with  dried  flower  still 
attached.  The  receptacle  splits  open  upon  ripening,  exposing  the  sugary,  bright  red  matrix 
containing  the  small  black  seeds  (see  Fig.  17B).  Photographed  15  July  1974. 
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Fig.  17B.  Seeds  from  a  single  saguaro  fruit.  A  common  dressmaker's  pin  (lower  left) 
provides  scale.  Each  seed  is  about  1.5  mm  (0.06  inch)  long  and  weighs  approximately  1.3 
mg  (0.02  grain).  An  average  size  saguaro  fruit  during  an  average  year  contains  2000-2500 
seeds.  Photographed  15  July  1974. 
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Summary  and  Conclusions 

We  estimate  that  a  healthy  saguaro  produces  on  the  order  of  40  mil- 
lion viable  seeds  during  an  average  reproductive  life  span  of  100  years. 
For  a  population  to  maintain  itself  or  to  grow,  one  of  those  seeds  must, 
within  that  period,  germinate  and  survive  approximately  30  years  or 
more,  to  the  age  when  it  becomes  a  reproductive  member  of  the  popula- 
tion. 

The  peak  of  saguaro  fruit  ripening  and  seedfall  occurs  in  late  June  or 
early  July  prior  to  the  arrival  of  germinating  summer  rains.  Variations  in 
the  date  of  that  peak  as  well  as  the  size  of  the  current  year's  seed  crop 
are  related  to  year-to-year  variations  in  climatic  factors. 

Early  or  late  occurrence  of  peak  seedfall,  regulated  respectively  by 
early  or  late  arrival  of  warm  spring  temperatures,  importantly  affects 
probabilities  for  seed  survival.  Early  seedfall  lengthens  the  period  of 
seed  exposure  to  decimating  factors.  Late  seedfall  shortens  that  expo- 
sure and  accordingly  affects  the  number  of  germinable  seeds  remaining 
on  the  ground  at  the  time  of  germinating  summer  rains. 

Drought  does  not  have  a  significant  diminishing  effect  upon  the  size 
of  the  annual  seed  crop,  fruit  production  being  dependent  upon  energy 
and  moisture  reserves  stored  within  succulent  stem  tissues.  Moreover, 
prostrate  saguaro  stems  completely  severed  from  their  roots  are  capable 
of  producing  buds  and  flowers  for  at  least  2  years. 

Recurring  winter  freezes  that  frequent  Arizona  and  northern  Sonora 
effect  a  significant  reduction  in  reproductive  growth.  Damage  to  in- 
cipient buds  caused  by  such  freezes  directly  reduces  the  number  of 
fruits  produced  the  following  spring.  Freeze-damage  may  affect  flower 
production  on  the  same  plant  for  one  or  more  years  after  the  event, 
although  to  a  lesser  degree. 

Freezing  permanently  diminishes  the  reproductive  base  of  the  popula- 
tion by  selectively  removing  the  largest  and  potentially  most  productive 
members  from  the  population.  The  most  severely  damaged  individuals 
collapse  within  the  year.  Others,  moribund  or  dead,  appear  to  senesce, 
often  over  a  period  of  several  years,  each  year  producing  diminishing 
numbers  of  fruits  by  utilizing  stored  energy  reserves  from  the  succulent 
stem  until  terminated  by  the  ultimate  collapse  of  the  stricken  plant. 

Reproductive  potential  in  spectacular  stands  of  large  saguaros  in  the 
Tucson  area — including  those  at  Saguaro  National  Monument — and  else- 
where near  the  northern  and  eastern  limits  of  the  distribution  of  the 
plant  in  both  northern  Sonora  and  northern  and  eastern  Arizona  is  more 
than  adequate  to  maintain  existing  population  levels.  The  density  of 
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large,  reproductive  individuals  within  stands  along  the  edge  of  the  spe- 
cies range  far  exceeds  that  in  other  portions  of  the  plant's  range  where 
stands  exhibit  more  normal  distribution  of  age  classes.  The  relative  spar- 
sity  of  young  saguaros  within  the  stands  at  Saguaro  National  Monument 
cannot  reasonably  be  attributed  to  a  lack  of  viable  seeds.  The  causes  of 
the  wide  departure  from  stable  age  distribution  must  instead  be  sought 
in  the  factors  that  control  the  survival  of  the  seed,  its  germination,  and 
survival  of  the  plant  to  the  age  of  reproduction. 


3 

The  Fate  of  the  Seed:  Dispersal, 

Attrition,  and  Germination 


Immediately,  the  enormous  crop  of  fruit  is  set  upon  by  birds,  rodents,  and 
coyotes,  as  well  as  by  the  Indians  of  the  area.  Almost  every  fruit  that  falls  is 
soon  divested  of  its  pulp  and  seeds.  Probably  not  more  than  one  seed  in  10,000 
ever  germinates.— Forrest  Shreve,  "The  saguaro,  cactus  camel  of  Arizona," 
1945:696. 


Seed  Dispersal 

Saguaro  seeds  reach  the  ground  in  many  ways.  Some  fall  to  the  soil 
surface  while  they  are  still  in  the  flesh  of  ripe,  open  fruits  and  in  dried 
receptacles. 

Relatively  heavy  seedfalls  occur  during  summer  rainstorms.  Rains  sof- 
ten and  dislodge  seeds  from  ripe  fruits  and  dried  receptacles  remaining 
on  the  plant  as  well  as  from  those  that  become  lodged  in  the  branches  of 
associated  trees  and  shrubs,  and  those  already  on  the  ground. 

Summer  rains  aid  importantly  in  transporting  saguaro  seeds  to  pro- 
tected downslope  sites  affording  both  concealment  from  predators  and 
favorable  conditions  for  germination.  After  rains,  seeds  are  found  in  the 
first  few  millimeters  of  the  soil,  in  sand  and  gravel,  under  rock  and  in 
litter  (usually  mud-spattered),  and  nearly  all  are  invisible  to  the  naked 
eye.  Natural  germination  occurs  in  such  protected  physical  situations 
(Steenbergh  and  Lowe  1969). 

Animals  play  a  primary  role  in  dispersal  and  the  transport  of  seeds  to 
sites  suitable  for  germination  and  seedling  establishment.  Most  fruits 
drop  to  the  ground,  resulting  in  a  high  concentration  of  seeds  at  the 
base  of  the  parent  plant  and  providing  an  attractive  supply  of  food  for 
mammals,  birds,  and  insects  (Figs.  18A  and  18B).  The  congregation  of 
herbivorous  predators1  not  only  results  in  low  probabilities  for  seed  sur- 

'For  lack  of  more  appropriate  terms  we  use  the  words  "predator"  and 
"predation"  as  broadly  defined  to  include  consumption  and  destruction  of  seeds 
and/or  plants  by  animals. 
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vival  but  also  severely  limits  seed  germination  and  seedling  establish- 
ment. Moreover,  intensive  digging,  especially  by  rodents,  effectively 
reduces  protective  plant  cover  at  the  base  of  the  parent  saguaro  and 
destroys  young  saguaros  or  exposes  them  to  other  hazards.  Generally, 
the  probability  of  seed  survival,  germination,  and  seedling  survival  in- 
creases with  distance  from  adult  plants. 

In  a  matter  of  a  few  days,  animal  activity  beneath  the  parent  saguaro 
changes  the  situation  from  one  resembling  a  fruit  basket  to  the  seed 
shadow  associated  with  some  tropical  plant  species  as  described  by  Jan- 
zen  (1970)  and  Krebs  (1972:520).  This  explains  why  young  saguaros 
are  seldom  found  beneath  the  seed-producing  parent  plant.  Those  few 
seedlings  that  begin  their  establishment  there  do  not  survive  the  con- 
tinuing heavy  animal  traffic  at  such  stations. 

In  addition  to  providing  an  important  mechanism  for  seed  dispersal, 
birds  frequently  deposit  seeds  in  protected  locations  provided  by  trees 
and  shrubs  away  from  areas  of  intensive  animal  foraging  at  the  base  of 
fruiting  plants.  Such  protected  locations  not  only  increase  the  probabili- 
ty of  seed  survival,  they  generally  offer  more  suitable  conditions  for 
seed  germination  and  seedling  establishment. 


Seed  Consumption  and  Loss 

A  large  part  of  the  annual  saguaro  seed  crop  is  consumed  by  mam- 
mals, birds,  and  insects  (Marcou  1869;  MacDougal  1908a;  Shreve 
1951).  The  percentage  of  the  annual  seed  crop  so  consumed  varies 
greatly  from  one  community  to  another  depending  upon  the  relative 
abundance  of  particular  species  of  consumers  (Fig.  18A  and  18B).  Field 
observations  in  Saguaro  National  Monument  indicate  that  the  principal 
seed  consumers  are  white-winged  doves  {Zenaida  asiatica)  and 
western  mourning  doves  (Zenaida  macroura)  (see  Neff  1940)  which 
feed  on  freshly  opened  fruits  still  attached  to  the  plant,  harvester  ants 
{Pogonomyrmex  sp.),  and  round-tailed  and  Harris'  antelope  ground 
squirrels  (Spermophilus  tereticaudus,  Citellus  harrisi)  which  feed  inten- 
sively upon  fruits  that  drop  to  the  ground  (Figs.  19  and  20). 

Ordered  by  the  estimated  relative  quantity  of  seeds  consumed,  other 
bird-consumers  are  Gambel's  quail  (Lophortyx  gambeli),  curve-billed 
thrasher,  (Toxostoma  curvirostre),  cactus  wren  (Campy lorhynchus  brunne- 
icapillus),  gila  woodpecker  (Centurus  uropygialis),  gilded  flicker 
(Colaptes  chrysoides),  and  brown  towhee  (Pipilo  fuscus)  (see  Gilman 
1915;  Hensley  1954;  Hungerford  1962).  Secondary  mammal-consumers 
include  the  kangaroo  rat  (Dipodomys  sp.),  pocket  mouse  (Perognathus 
sp.),  white-throated  woodrat  (Neotoma  albigula),  cactus  mouse 
(Peromyscus  eremicus),   long-nosed   bat   (Leptonycteris  nivalis;   Beatty 
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Fig.  18A.  Typical  accumulation  of  ripe  fruits  beneath  mature  saguaros  in  flat  habitats  at 
the  west  Monument.  On  9  July,  with  six  ripe  fruits  remaining  on  the  plant,  179.5  g  (6.3 
oz)-approximately  131  thousand  seeds-were  recovered  from  detached  seed  masses  and 
52  fruit  receptacles  surrounding  the  base  of  this  3-branched,  9-m-  (29.5-ft)  tall  saguaro. 
Relatively  low  density  populations  of  harvester  ants  (Pogonomyrmex  sp.)  and  Harris' 
antelope  ground  squirrels  {Citellus  harrisi  harrisi)  are  present,  and  round-tailed  ground 
squirrels  (Spermophilus  tereticaudus)  do  not  occur  at  this  location.  In  the  absence  of 
heavy  predation,  a  relatively  large  proportion  of  the  annual  seed  crop  remains  on  the 
ground  until  the  occurrence  of  germinating  rains  (compare  with  Fig.  18B). 
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Fig.  18B.  Typical  absence  of  fruit  at  the  base  of  mature  saguaros  in  flat  habitats  at  the 
east  monument  (compare  with  Fig.  1 8A).  Detached  seed  masses  are  absent  and  no  seeds 
are  present  in  45  receptacles  remaining  on  the  ground  beneath  this  vigorous  5-branched, 
11-m  (36.1-ft)  tall  plant.  One  ripe  fruit  still  remains  on  the  plant. 

Relatively  dense  populations  of  harvester  ants  (Pogonomyrmex  sp.)  and  round-tailed 
ground  squirrels  {Spermophilus  tereticaudus)  consume  most  of  the  seeds  within  a  few 
hours  after  the  fruits  drop  to  the  ground.  In  this  habitat,  the  area  surrounding  the  base  of 
an  adult  saguaro  provides  little  or  no  protection-either  for  seeds  or  seedlings- from  the 
intensive  foraging  of  mammals,  birds,  and  insects.  Photographed  19  July  1971. 
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Fig.  19A.  Twenty-one  dried,  empty  receptacles  of  saguaro  fruits  (arrow)  surround  the  en- 
trance to  the  den  of  a  round-tailed  ground  squirrel  {Spermophilus  tereticaudus)  in  the  Cactus 
Forest  at  Saguaro  National  Monument  (east).  The  succulent  fresh  fruits  of  the  saguaro  are  an 
important  source  of  moisture  (as  well  as  food)  during  the  critically  arid  weeks  immediately 
prior  to  the  arrival  of  monsoon  rains.  Photographed  30  June  1969. 
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Fig.  19B.  Galvanized  hardware  cloth  exclosure  was  used  in  experiments  to  determine  the 
effect  of  vertebrate  animals  on  the  survival  of  saguaro  seeds  and  young  plants  at  Saguaro 
National  Monument.  Net  germination  in  plots  so  protected  was  approximately  1.3  times 
that  in  adjacent  unprotected  plots.  The  difference  is  attributed  primarily  to  the  effect  of 
seed  removal  by  birds  and  rodents.  Photographed  21  Feb.  1969. 
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Fig.  20A.  Harvester  ant  (Pogonomyrmex  barbatus)  nests  are  usually  situated  in  exposed 
situations  away  from  trees  and  large  shrubs.  Such  nests  are  abundant  in  the  Cactus  Forest 
(shown)  at  Saguaro  National  Monument  (east),  but  comparatively  sparse  in  the  west 
monument  Commonly  foraging  more  than  20  m  (66  ft)  from  the  nest,  harvester  ants 
concentrate  on  the  gathering  of  saguaro  seeds  throughout  the  period  of  fruit  drop  during 
late  June  and  early  July.  Photographed  30  June  1969. 
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Fig.  20B.  Harvester  ants  (Pogonomyrmex  barbatus)  efficiently  remove  large  numbers  of 
saguaro  seeds  that  fall  to  the  ground.  In  localities  such  as  the  Cactus  Forest  of  Saguaro 
National  Monument  (east)  where  they  are  abundant,  harvester  ants  play  a  primary  role  in 
limiting  the  number  of  viable  seeds  that  survive  on  the  ground  until  the  occurrence  of 
summer  conditions  suitable  for  germination.  Photographed  25  June  1974. 


60         Ecology  of  the  Saguaro 

1955),  coyote  (Canis  latrans),  and  collared  peccary  (Pecari  tajacu; 
Eddy  1959). 

The  proportion  of  the  annual  seed  crop  harvested  by  birds  and  mam- 
mals does  not  provide  a  direct  measure  of  potential  seed  survival  and 
natural  germination.  Rather,  the  impact  of  such  consumption  must  be 
evaluated  separately  for  each  animal  species  based  upon  the  diversity  of 
its  feeding  habits  and  the  efficiency  of  its  digestive  processes.  Seeds  con- 
sumed by  obligatory  seed-eaters  such  as  white-winged  and  mourning 
doves,  kangaroo  rats,  pocket  mice,  and  cactus  mice  are  destroyed  dur- 
ing digestion.  However,  a  portion  of  saguaro  seeds  consumed  by  other 
species  (including  round-tailed  ground  squirrels,  Harris'  antelope 
ground  squirrels,  woodrats,  coyotes,  and  omnivorous  birds),  which 
benefit  primarily  from  the  succulent  tissues  of  the  matrix,  pass  un- 
damaged through  their  digestive  tracts  (Table  6  and  7;  also  see  Shreve 
1951). 

Coyote  scats  collected  in  July  consisted  of  approximately  95%  un- 
digested saguaro  seeds.  Viability  is  essentially  unaffected  by  passage 
through  the  coyote  digestive  tract  (Table  6).  Eddy  (1959)  reported  col- 
lared peccary  scats  containing  85%  undigested  saguaro  seeds.  These 
mammal  species  together  with  the  curve-billed  thrasher,  cactus  wren, 
gila  woodpecker,  and  gilded  flicker  are  potentially  important  dis- 
seminators of  saguaro  seeds. 

Generally,  the  number  and  proportion  of  whole  viable  seeds  present 
in  mammal  droppings  increase  with  the  size  of  the  species  and/or  the 
diversity  of  its  feeding  habits.  As  with  mammals,  birds  that  are  primarily 
seed-consumers  are  relatively  low  dispersers  (viable  seeds  are  not  found 
in  feces  in  large  numbers). 

In  some  localities,  insects  play  a  primary  role  in  limiting  the  number 
of  viable  seeds  that  remain  on  the  ground  until  conditions  suitable  for 
germination  occur.  Harvester  ants  (Pogonomyrmex  barbatus,  Fig.  20)  ef- 
ficiently remove  large  numbers  of  seeds.  Other  observed  seed  gathering 
taxa  include  Lasius  sp.  and  Leptothorax  sp.  (Steenbergh  and  Lowe 
1969). 

The  results  of  experiments  utilizing  exclosures  (Fig.  19B)  to  measure 
the  effect  of  predation  on  germination  success  are  given  in  Table  8.  Low 
germination  success  (0-3.2%)  in  plots  at  three  sites  (see  Table 
8;SERS,SWRS,SWF)  was  associated  with  and  is  attributed  to  seed 
removal  by  harvester  ants.  Conversely,  harvester  ant  activity  was  not 
observed  in  plots  where  comparatively  high  numbers  of  germinations 
were  recorded.  Low  values  for  two  of  the  east  monument  north-facing 
slope  (Table  8:SERN  site)  plots  are  attributed  to  the  localized  occur- 
rence of  relatively  unfavorable  soil  characteristics  associated  with  deep 
gravel. 

The  difference  in  germination  percentages  in  open  and  in  exclosure 


The  Fate  of  the  Seed 


61 


TABLE  6.  Viable  saguaro  seed  content  of  native  mammal  feces.  Feces  collected  in  the 
field  were  washed  to  obtain  Canis  and  Pecari  seed  samples.  Other  seeds  were  washed  from 
24-hr  accumulations  of  feces  of  rodents  maintained  on  a  saguaro  fruit  diet.  Viability  of 
whole  seeds  was  tested  in  the  laboratory  at  room  temperature  (22°  ±  1°C)  in  closed  petri 
dishes  with  uniform  moisture  supply. 


Feces 
Dry  wt 

(g) 

Whole  seeds  recovered 

Species 

Wt 

No. 

%  Germ. 

g 

%of 

feces 

Canis  latrans 

- 

- 

- 

(100) 

97.0 

Pecari  tajacu 

- 

- 

- 

(100) 

31.0 

Spermophilus  tereticaudus 

2.15 

0.064 

3.0 

53 

64.2 

Citellus  harrisi 

2.10 

0.052 

2.5 

43 

53.5 

Neotoma  albigula 

1.65 

0.007 

0.4 

6 

50.0 

Dipodomys  merriami 

1.09 

0 

- 

0 

- 

Peromyscus  eremicus 

0.51 

0 

- 

0 

- 

Perognathus  baileyi 

0.40 

0 

- 

0 

- 

Controls  (3) 

- 

- 

- 

300 

82.3 

TABLE  7.  Viable  seed  content  of  native  bird  feces.  Seeds  were  washed  from  24-hi  ac- 
cumulations of  feces  of  birds  maintained  on  a  diet  of  saguaro  fruits  consisting  of  air-dried 
seed  masses  reconstituted  to  original  weight  by  addition  of  water.  Viability  of  whole 
seeds  was  tested  in  closed  petri  dishes  with  uniform  moisture  supply. 


Whole  seeds  recovered 


Species 


Feces 
Dry  wt 

Wt 

No. 

%  Germ. 

(g) 

g 

%  of  feces 

1.78 

0.696 

39.21 

557 

76.0a 

2.60 

2.460 

16.43 

1297 

54.7a 

2.32 

0.004 

0.2 

3 

100.0 

3.41 

0.002 

0.1 

2 

100.0 

_ 

_ 

300 

73. 7y 

Campy lorhynchus  brunneicapillus         1.78 

Toxostoma  curvirostre 

Zenaida  asiatica  (No.  1) 

Zenaida  asiatica  (No.  2) 
Controls 


aMean  of  three  lots  of  100  seeds  each. 
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TABLE  8.  The  effect  of  predation  on  germination  success  in  protected  and  exposed 
0.25  m2  (2.7  ft2)  plots.  Plots  were  seeded  (1000  seeds  per  plot)  on  26  June  1968  and 
covered  with  16  (0.16  cm;  0.06  inch)  mesh  window-screen  (3  replications),  0.5-inch 
(1.3  cm)  mesh  hardware-cloth  exclosures  (Fig.  19B),  or  exposed  (open)  until  the  first  rain 
(6  July)  when  all  plots  were  covered  by  window-screen  exclosures.  Plus  signs  indicate 
observation  of  harvester  ants  (Pogonomyrmex)  activity.  Site  locations  are:  SE  =  east 
monument,  SW  =  west  monument,  F  =  flats,  RN  =  rocky  north-facing  slope,  and  RS  = 
rocky  south-facing  slope. 


Ants 
obs. 

No 

.  of  seeds  germinated  (7/31-8/3) 

Open 
plots 

%G 

Study 
site 

Exclosure  plots 

erm. 

Screen  A 

Screen  B 

Screen  C 

Mesh 

Excl. 

Open 

SERS 

+ 

101 

266 

0 

1 

28 

9.4 

2.8 

SWRS 

+ 

0 

0 

0 

66 

112 

11.6 

11.2 

SERN 

30 

239 

31 

35 

13 

8.4 

1.3 

SWRN 

244 

480 

335 

354 

374 

35.3 

37.4 

SEF 

166 

284 

114 

117 

42 

17.0 

4.2 

SWF 

+ 

28 

32 

17 

7 

16 

2.1 

1.6 

Total 

2003 

980 

585 

Mean 

111.3 

163.3 

97.5 

12.4 

9.8 

plots  is  a  measure  of  the  effect  of  seed  removal  by  vertebrate  consumers 
(Table  8).  Net  germination  within  exclosure  plots  was  1.27  times  that  in 
open  plots.  The  difference  is  attributed  primarily  to  the  elimination  of 
seed  predation  by  birds  and  rodents. 

No  harvester  ant  activity  was  observed  on  north-facing  slopes.  In 
other  areas  where  harvester  ants  were  present  (south-facing  slopes  and 
flat  habitats),  their  impact  was  highly  localized.  In  some  of  these  plots 
all  visible  seeds  were  removed  within  a  few  days  after  seeding,  while 
seeds  in  plots  a  few  meters  distant  were  essentially  undisturbed.  It  ap- 
pears that  high  densities  of  harvester  ant  colonies  are  commonly  as- 
sociated with  stands  of  reproductive  (adult)  saguaros. 
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Germination  success  in  exclosures  did  not  provide  an  effective  means 
of  comparing  the  separate  effects  of  seed  removal  by  birds,  mammals, 
and  insects.  Rather,  the  results  suggest  that  in  competition  with  har- 
vester ants,  the  impact  of  larger,  less  efficient  seed-gatherers  on  seed 
survival  is  relatively  unimportant;  the  principal  effect  is  exerted  by  the 
most  efficient  forager. 

Thus  the  high  attrition  of  seeds  between  seedfall  and  germination  is 
due  to  seed  removal  by  animals.  In  the  Tucson  area,  approximately  4  in 
1000  saguaro  seeds  that  reach  a  site  where  natural  germination  can 
occur  survive  to  become  seedlings  (Table  9).  During  the  1-  to  5-week 
pre-germination  period,  native  animal  predators  (birds,  mammals,  and 
insects)  are  the  principal  agents  of  saguaro  seed  attrition. 


TABLE  9.  Summary  of  natural  germination  in  experimental  plots 
from  broadcast  saguaro  seeds,  1965-68.  Experimental  sites,  all  in 
representative  saguaro  habitats,  were  located  at  the  east  monument 
in  1965  and  1966,  east  and  west  monument  in  1967  and,  in  addition, 
included  one  site  on  the  south  slopes  of  the  Catalina  Mountains  in 
1968.  The  number  of  germinations  shown  are  the  total  number  of 
seedlings  that  sprouted  between  1  July  and  10  August  in  experimen- 
tally seeded  study  plots.  Results  for  1965-67  are  from  60  unpro- 
tected plots  exposed  to  all  natural  environmental  factors. 

The  mean  annual  germination  rate  in  these  plots  was  0.353%. 
Greater  germination  success  in  1968  reflects  partial  protection  by 
exclosures  used  to  limit  animal  predation  activity  (see  Table  8). 


Year 

Sites 
(no.) 

Plots 
(no.) 

Seeds 
(1000) 

Germinations 

No. 

% 

1965 

4 

28 

28 

96 

0.34 

1966 

4 

13 

36 

87 

0.24 

1967 

9 

19 

95 

461 

0.48 

Subtotal 

- 

60 

159 

644 

0.40 

1968 

8 

40 

40 

7595 

18.99 
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Generally,  seeds  remaining  on  the  ground  at  summer's  end  are 
destroyed  by  other  agents  prior  to  the  ripening  of  the  next  crop 
Seemingly  whole  seeds  from  the  previous  year's  crop  collected  in  June 
from  the  soil  surface  proved  to  be  nonviable.  Seed  coats  showed  signs  of 
entry  by  small  insects,  or  the  embryos  were  withered  and  brown.  Seeds 
which  remain  over  winter  on  the  ground  make  no  important  contribu- 
tion to  the  following  summer's  germinable  seed  supply. 

At  Saguaro  National  Monument,  the  consumption  of  seeds  by  birds, 
mammals,  and  insects  is  higher  at  the  east  monument  (Rincon  Moun- 
tains) than  at  the  west  monument  (Tucson  Mountains).  An  approximate 
measure  of  the  relative  seed  attrition  at  these  two  locations  is  offered  by 
July  observations  on  seeds  remaining  on  the  ground  beneath  vigorous 
adult  saguaros  in  equivalent  stages  of  fruit  maturation.  In  flat  habitat  at 
the  west  monument,  179.5  g  (6.3  oz)  of  seeds  (approximately  131,000 
seeds)  were  recovered  from  fruits  collected  beneath  a  9-m  (29.5  ft) 
plant  with  three  productive  arms  (Fig.  18A).  In  similar  habitat  at  the 
east  monument,  no  seeds  were  present  in  45  receptacles  surrounding  an 
1 1-m  (36.1  ft)  plant  with  five  productive  arms  (Fig.  18B). 

The  difference  in  yearly  seed  loss  between  the  east  and  west  monu- 
ment areas  is  attributed  primarily  to  consumption  by  animals,  the 
round-tailed  ground  squirrels — abundant  at  the  east  site  and  absent  at 
the  west  site — and  harvester  ants  present  in  much  greater  abundance  at 
the  east  site. 


Germination 


Germination  takes  place  only  in  the  first  week  after  the  beginning  of  the 
summer  rains,  and  the  seedlings  are  hidden  in  the  litter  under  bushes  or 
among  the  small  stones  which  cover  the  ground.— Forrest  Shreve,  "The 
saguaro,  cactus  camel  of  Arizona,"  1945:696. 


The  saguaro  is  a  subtropical  species  and  its  seeds  germinate  only  in 
the  summertime.  Germination  occurs  principally  in  July  and  August 
during  the  southwestern  summer  monsoon.  Thus,  successful  germina- 
tion and  early  establishment  depend  on  a  short  period  of  coincident 
high  levels  of  moisture  and  warmth  during  but  a  few  weeks  of  the  desert 
year.  We  are  not  surprised,  therefore,  to  find  that  this  highly  successful 
desert  species  has  acquired  adaptive  strategies  that  fit  a  set  of  germina- 
tion requirements  to  an  environment  characterized  by  a  persistently 
high  evaporation  which  is  only  partially  offset  by  scanty  and  often  un- 
certain rainfall. 
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Seedfall  is  completed  just  prior  to  the  normal  arrival  of  summer  rains. 
In  exceptional  years,  the  two  events — seedfall  and  rainfall — actually 
overlap.  The  first  summer  rains  contribute  importantly  to  seed  survival 
by  dispersing  seeds  and  by  washing  them  into  locations  that  offer  con- 
cealment from  predators.  Little  or  no  germination,  however,  results 
from  these  late  June  and  early  July  rains.  Rigid  light  and  moisture 
requirements  interact  to  inhibit  germination  and  prevent  losses  that 
would  result  from  germination  at  that  time,  for  sporadic  early  monsoon 
rains  seldom  provide  a  sufficiently  reliable  supply  of  moisture  to 
promote  germination  and  support  the  initial  establishment  of  seedlings.2 
The  increasing  frequency  of  rains  during  the  second  half  of  July  offers 
progressively  more  favorable  conditions  for  seed  germination. 

The  highly  variable  spatial  and  temporal  distribution  of  summer  rain- 
fall importantly  affects  the  number  of  saguaro  seed  germinations  occur- 
ring at  a  given  location  (see  Shreve  1914;  Humphrey  1933;  Mallery 
1936).  Further,  the  number  of  germinations  varies  in  accord  with  the 
characteristically  large  year-to-year  variability  of  monsoon  precipitation 
patterns.  Our  experimental  and  field  observations,  however,  indicate 
that  the  most  favorable  conditions  for  saguaro  seed  germination  do  not 
necessarily  occur  during  years  with  the  highest  total  summer  precipita- 
tion. Rather,  natural  germination  is  associated  with  temporal  clustering 
of  summer  rainstorms  that  provide  continuously  high  moisture  levels  at 
and  near  the  soil  surface  during  the  2-  to  3-day  germination  period. 

Most  germination  takes  place  during  the  period  from  mid-July 
through  the  first  week  of  August.  Then,  with  continuing  availability  of 
high  surface  moisture  resulting  from  short-spaced  rainstorms  and  sup- 
plemented by  dewfall,  germination  proceeds  to  completion  within  a 
period  of  2-3  days— initial  establishment  of  the  seedlings  takes  place  at 
a  time  when  temperatures  and  moisture  are  optimum  for  their  growth. 

The  high  temperature  limitations  on  saguaro  seed  germination 
operate  to  restrict  natural  germination  to  shaded  sites  where  periods  of 
high  moisture  are  sufficiently  prolonged  to  permit  germination  (Table 
10;  Fig.  21).  During  wet  periods  such  sites  seldom  reach  temperatures 
high  enough  to  inhibit  germination  (Alcorn  and  Kurtz  1959;  Mc- 
Donough  1964).  Inhibition  of  germination  by  low  temperatures  effec- 
tively restricts  germination  to  the  warm-wet  periods  of  June,  July,  Au- 
gust, and  September  in  the  overall  distribution  of  the  saguaro. 

Genetically  controlled  variability  in  the  time  required  for  completion 
of  the  germination  process  further  insures  that  the  entire  annual  seed 


2While    it   is   commonly    said   that   "seedlings   germinate,"   plant   seedlings 
'sprout"  and  proceed  to  establish  or  die;  only  seeds  can  germinate. 
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TABLE  10.  Percent  soil  moisture  in  shaded  and  unshaded  saguaro- 
paloverde  habitat  at  Saguaio  National  Monument  (east),  July  1967. 
Samples  of  the  top  0.5  inch  (1.27  cm)  and  top  1  inch  (2.54  cm)  of  soil 
were  collected  at  approximately  1300  hr  beneath  the  crown  of  a 
mature  foothill  paloverde  at  1  m  (3.3  ft)  from  the  trunk  (shade),  and 
from  an  unshaded  (open)  level  site  approximately  5  m  (16.4  ft)  outside 
the  crown.  Data  graphed  in  Fig.  21. 


Soil  moisture  (%) 

Date 
July 

Shade 

Open 

0.5  inch 

1  inch 

0.5  inch 

1  inch 

(1.27  cm) 

(2.54  cm) 

(1.27  cm) 

(2.54  cm) 

18 

15.23 

15.34 

6.01 

8.12 

19 

10.06 

9.63 

3.13 

6.69 

20 

3.40 

8.87 

2.36 

5.45 

21a 

1.85 

6.33 

1.39 

4.47 

22 

11.45 

9.96 

7.80 

7.54 

23 

5.15 

8.10 

2.43 

4.50 

aEstimated  by  regression  (log  %  on  time). 


crop  will  not  respond  to  conditions  that  are  marginal  for  seedling 
establishment.  Approximately  10%  of  seeds  tested  under  ambient 
summer  light  and  temperatures  required  4  days  or  more  of  continuous 
exposure  to  free  water  for  completion  of  germination.  Thus,  even  under 
conditions  that  permit  extensive  germination,  a  substantial  portion  of 
the  germinable  seeds  remain  viable  and  available  for  subsequent  ger- 
mination. 

The  light  requirement  may  seem  to  present  an  apparent  survival  dis- 
advantage because  it  seemingly  dictates  that  germination  must  occur  at 
or  near  the  soil  surface  where  the  predation  pressures  are  greatest  and 
requisite  moisture  conditions  are  least  apt  to  prevail.  However,  in  view 
of  the  characteristic  development  pattern  of  the  monsoon  rains,  an  im- 
portant adaptive  strategy  can  be  recognized.  In  the  presence  of  insuffi- 
cient moisture  to  complete  germination  and  initial  establishment  of  the 
seedling,  the  light  requirement  acts  to  stop  the  germination  process 
without  loss  of  seed  viability.  Buried  seeds  retain  their  viability,  and  will 
germinate  quickly  when  exposed  by  subsequent  rains,  animal  digging, 
other  natural  forces,  or  experimental  exposure. 
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Fig.  21.  Natural  field  germination  of  saguaro  seeds  (on  23  July  1967)  and  accompanying 
precipitation  (inches  [Original  units  of  measurement;  1  inch  =  25.4  mm])  and  soil  moisture 
at  0.5  inch  (1.27  cm)  and  1  inch  (2.54  cm)  depth. 

Seeds  were  broadcast  beneath  the  crown  of  a  foothill  paioverde  (Cercidium 
microphyllum)  on  16  July  immediately  prior  to  receiving  0.20  inch  (5  mm)  precipitation 
the  same  day.  No  germination  occurred  during  the  period  of  high  soil  moisture  following  a 
heavy  rain  the  next  morning,  followed  by  clear  skies  (17  July,  1.5  inches;  38  mm). 
Germination  took  place  after  two  periods  of  light  precipitation  (0.04  inch;  1  mm,  0.21 
inch;  5  mm)  and  broken  overcast  skies  on  21  and  22  July.  The  first  seedlings  emerged  on 
23  July,  3  days  after  the  start  of  these  rains.  Amount  (bar  height)  and  period  (bar  width) 
of  precipitation  is  shown. 

Saguaro  seed  germination  is  dependent  upon  the  continued  availability  of  moisture  at 
the  soil  surface  as  determined  by  temporal  distribution  of  rainfall,  cloud  cover,  and  other 
factors  that  aid  in  continuously  maintaining  high  relative  humidity  and  surface  moisture 
for  a  period  of  2-3  days  during  the  summer  rainfall  season.  Generally,  natural  germination 
is  associated  with  the  occurrence  of  two  or  more  rains  within  a  2-  to  3-day  period.  Data  in 
Table  10. 
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The  light  requirement  insures  germination  sufficiently  near  the  soil 
surface  for  the  globular  seedling  to  emerge  and  immediately  receive 
adequate  light  for  subsequent  growth  (Fig.  24A).  Sensitivity  to  far-red 
light  may  also  permit  better  utilization  of  energy  from  nocturnal  re- 
radiation  thus  hastening  completion  of  the  germination  process. 

Field  observations  indicate  that  in  nature  germination  of  shallowly 
buried  seeds  accounts  for  a  substantial  portion  of  the  annual  saguaro 
seedling  crop.  This  observation  appears  to  conflict  with  knowledge  that 
germinating  seeds  must  receive  exposure  to  light  after  they  have  im- 
bibed water,  that  little  or  no  germination  (<1%)  will  occur  in  total 
darkness.  Extensive  laboratory  tests  using  a  variety  of  environmental, 
mechanical,  and  chemical  treatments  have  revealed  no  mechanism  by 
which  germination  might  occur  naturally  in  the  absence  of  light  (Alcorn 
and  Kurtz  1959;  McDonough  1964). 

Based  on  successful  use  of  acid  treatments  in  promoting  dark  ger- 
mination, McDonough  (1964)  suggested  that  passage  through  the 
digestive  tracts  of  animals  might  promote  germination  in  the  absence  of 
light.  However,  we  have  attained  no  success  in  the  dark-germination  of 
saguaro  seeds  recovered  from  the  feces  of  native  rodents  or  birds. 

In  fact,  the  natural  germination  of  buried  saguaro  seeds  requires  no 
complex  mechanism  for  explanation.  In  view  of  the  brief  exposure  and 
low  intensities  of  light  required  for  germination  as  found  by  all  in- 
vestigators, the  natural  translucence  and  gravelly  surface  of  the  soils  of 
the  saguaro  habitat  will  admit  sufficient  light  in  most  instances  to  permit 
germination  of  seeds  buried  to  a  depth  of  5-10  mm  (0.2-0.4  inches),  the 
approximate  maximum  depth  from  which  the  seedling  can  emerge.  A 
further  mechanism  for  satisfying  the  light  requirement  exists  in  the  soil 
churning  and  washing  action  occurring  during  typical  summer  rain- 
storms. Such  action  permits  burial  of  seeds  after  wetting  and  exposure 
to  light. 

Germination  of  saguaro  seeds  requires  contact  with  free  water  and  ex- 
posure to  light  (Alcorn  and  Kurtz  1959;  Alcorn  1961a).  Under  ambient 
summer  light  and  temperatures  in  a  laboratory  environment,  initial  ger- 
mination of  saguaro  seeds  maintained  in  continuous  contact  with  free 
water  occurs  approximately  48  hr  after  initial  wetting  and  50%  germina- 
tion is  reached  in  approximately  72  hr  (Table  12;  Fig.  23;  also  see 
Keswani  and  Upadhya  1969).  However,  within  the  natural  environment 
of  the  saguaro  such  prolonged  periods  (3  days)  of  continuously  availa- 
ble water  are  a  rare,  almost  nonexistent  occurrence  during  July  and  Au- 
gust when  most  natural  germination  takes  place.  Rather,  natural  ger- 
mination commonly  follows  two  or  more  shorter  periods  of  water  availa- 
bility with  interspersed  drying  conditions  at  the  soil  surface  resulting 
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from  the  occurrence  of  two  or  more  distinct  rainstorms  within  a  2-  to  5- 
day  period  (Steenbergh  and  Lowe  1969). 

In  a  humid  atmosphere,  saguaro  seeds  hygroscopically  imbibe  and 
retain  moisture  required  for  germination.  Such  pre-exposure  to  high 
relative  humidity  effectively  speeds  the  germination  process  and  reduces 
the  required  period  of  seed  contact  with  free  water.  First  germination  of 
seeds  so  pre-conditioned  can  take  place  after  24  hr  of  wet  contact  and 
50%  germination  can  occur  within  48  hr.  In  a  near-saturated  at- 
mosphere, maximum  hygroscopic  imbibition  (approximately  20%  of  the 
air-dry  seed  weight)  is  reached  in  approximately  20  hr  (Table  11;  Fig. 
22). 

In  an  experiment  to  determine  the  effect  of  such  treatment  on  the 
required  period  of  contact  with  free  water,  treated  seeds  reached  50% 
germination  in  46.5  hr,  21.5  hr  sooner  than  untreated  (air-dry)  seeds 
(68.0  hr)  (Table  12;  Fig.  23).  Hygroscopic  imbibition  can  reduce  by  ap- 
proximately one  day  the  required  pre-germination  period  of  seed  con- 
tact with  free  water. 

Germination  under  natural  conditions,  therefore,  need  not  depend 
upon  the  rare  occurrence  of  a  continuously  saturated  soil  surface  over  a 
prolonged  period  of  time;  but  rather  it  can  be  sustained  by  a  period  of 
high  relative  humidity  followed  by  a  relatively  brief  period  of  saturation. 
Thus,  hygroscopic  imbibition  allows  rapid  germination  with  intermittent 
high  moisture  levels  commonly  associated  with  the  characteristic 
summer  storm  patterns  of  the  Sonoran  Desert. 

Requisite  environmental  conditions  for  saguaro  seed  germination 
occur  far  beyond  the  bounds  of  the  plant's  natural  distribution.  Only  at 
the  western  boundaries  of  its  occurrence — in  the  lower  Colorado  River 
Valley— where  summer  rainfall  is  seldom  adequate  to  promote  germina- 
tion, does  the  range  of  the  species  appear  to  be  limited  primarily  by  ger- 
mination requirements.  With  that  exception,  therefore,  the  factors  that 
limit  its  distribution  and  control  populations  along  the  margins  of  its 
range  must  act  during  the  post-germination  stage  of  the  plant's  develop- 
ment. 


70         Ecology  of  the  Saguaro 


TABLE  1 1 .  Hygroscopic  imbibition  by  saguaro  seeds  in  the  laboratory  at 
high  relative  humidities  (90-100%).  Air-dry  2-g  (0.07-oz)  seed  samples 
were  placed  in  petri  dishes  suspended  over  saturated  paper  towels  in 
closed  chambers  in  full  room  shade  (indirect  light)  and  ambient  July  air 
temperatures  (ca.  70-95°F;  21-35° C).  Data  are  given  as  weight  and  as 
moisture  uptake  (percent  air-dry  weight).  Dashed  line  represents  break 
in  curve  at  maximum  moisture  uptake  (see  Fig.  22).  Sample  I  (in  clear 
plastic  chamber)  was  subjected  to  ambient  light;  sample  II  (in  a  light- 
proof  metal  chamber)  received  light  only  at  the  times  of  weighing. 

Time  Weight  Uptake 

(hr)  (g)  (%) 


0 
1 
2 
4 
6 

17 
19 


21 
23 
25 

0 
12 
15 
21 

23 
25 


I  -  AMBIENT  LIGHT 


2.00 

0.0 

2.10 

5.0 

2.16 

8.0 

2.23 

11.5 

2.26 

13.0 

2.35 

17.5 

2.36 

18.0 

2.32 

16.0 

2.30 

15.0 

2.29 

14.5 

II  -  TOTAL  DARKNESS 

2.00 

0.0 

2.36 

17.8 

2.37 

18.5 

2.41 

20.5 

2.41 

20.5 

2.40 

20.0 
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Fig.  22.  Hygroscopic    moisture  uptake   by    saguaro   seeds  at  high  relative  humidities 
(90-100%). 

In  a  near-saturated  atmosphere  without  condensation,  saguaro  seeds  absorb  atmos- 
pheric moisture  up  to  approximately  20%  of  their  air-dry  weight.  Maximum  hygroscopic 
imbibition  is  reached  in  approximately  20  hr,  i.e.,  ca.  one  day.  Data  in  Table  11. 
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TABLE  1 2.  Number  and  percent  germination  of  humidified  (pre- 
treated)  and  of  air-dry  (untreated)  saguaro  seeds  in  the  laboratory 
under  ambient  summer  light  and  temperatures  (full  shade,  ca. 
65-95°F;  18.3-35.0°C).  Pretreated  seeds  were  held  5  days  in  open 
petri  dishes  in  a  near  saturated  atmosphere  (see  Table  11,  Fig.  22) 
immediately  prior  to  testing.  Hours  to  germination  of  treated 
(2-100  seed  lots)  and  untreated  (3-100  seed  lots)  seeds  is  measured 
from  time  of  initial  contact  with  free  water  (15  August,  0800  hr). 
Data  graphed  in  Fig.  23. 


Germination 

Hours 

Humidified  (200  seeds) 

Air  dry  (300  seeds) 

Wet 

No. 

% 

No.               % 

24 

7 

3.5 

26 

16 

8.0 

28 

27 

13.5 

30 

39 

19.5 

42 

95 

47.5 

11               3.7 

48 

116 

58.0 

22               7.3 

54 

148 

74.0 

88            29.3 

72 

167 

83.5 

169            56.3 

120 

184 

92.0 

254            84.0 
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Fig.  23.  Effect  of  pre-exposure  to  high  relative  humidity  on  the  rate  of  saguaro  seed 
germination  after  contact  with  free  water.  The  time  for  seeds  pre-exposed  (pretreated)  to  a 
near-saturated  atmosphere  to  reach  50%  germination  (46.5  hr)  was  approximately  21.5  hr 
less  than  the  time  (68.0  hr)  for  untreated  (air-dry)  seeds. 

Hygroscopic  imbibition  can  reduce  by  approximately  one  day  the  required  period  of 
seed  contact  with  free  water  to  germinate  under  natural  conditions.  Thus,  in  the  desert 
environment  where  moisture  is  critically  limiting,  chances  for  germination  are  greatly 
increased  by  this  adaptive  mechanism  that  can  reduce-by  as  much  as  a  whole  day-the 
required  period  of  contact  with  a  saturated  soil   surface. 

Germination  50%  points  determined  by  regression  analysis  after  probit  transformation 
(Table  12). 
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Summary  and  Conclusions 

Dispersal.  Early  summer  rains  in  late  June  and  early  July  effect  a 
major  contribution  to  the  dispersal  of  saguaro  seeds  by  dislodging  seed 
masses  still  remaining  on  the  plant,  and  by  washing  individual  seeds  into 
protected  locations  that  provide  concealment  from  predators  and  are 
favorable  sites  for  subsequent  germination  and  establishment.  The  early 
rains  reduce  the  attrition  of  seeds  and  ordinarily  set  the  stage  for  ger- 
mination during  subsequent  summer  rains. 

Such  seed  dispersal  to  more  favorable  sites  accomplished  by  gravity 
and  rainfall  runoff  is  mainly  effective  for  downslope  dispersal  in  sloping 
habitats.  Animal  consumers,  principally  birds,  which  pass  undigested  vi- 
able seeds  through  their  digestive  tracts,  are  the  primary  agents  for  seed 
dispersal  upslope  and  in  flat  habitats.  Obligatory  seed-eaters  that  effi- 
ciently digest  consumed  seeds,  however,  make  little  or  no  contribution 
to  seed  dispersal. 

Attrition.  In  the  complete  life  cycle  of  the  saguaro,  the  greatest  mor- 
tality occurs  during  the  pre-germination  (seed)  stage,  the  1-  to  5-week 
period  between  seedfall  and  the  occurrence  of  germinating  summer 
rains.  During  that  period  the  major  portion  of  the  annual  seed  crop  is 
consumed  by  animals — birds,  mammals,  and  insects. 

To  some  degree,  the  fruits  of  the  saguaro  are  utilized  either  as  food  or 
a  source  of  moisture  by  nearly  every  warm-blooded  animal  member  of 
the  community  and  by  several  species  of  insects.  Initially  heavy  losses 
to  feeding  birds,  especially  doves,  occur  while  fruits  are  still  attached  to 
the  plant.  The  greatest  losses,  however,  accrue  after  fruits  drop  to  the 
ground  where  the  diversity  of  consumer  species  ranges  from  ants  to 
coyotes.  The  relative  importance  of  consumer  species  varies  according 
to  their  size  and  foraging  efficiency,  diversity  of  feeding  habits,  and  rela- 
tive abundance  within  the  particular  community. 

Generally,  obligatory  seed-eaters— principally  harvester  ants,  doves, 
and  heteromyid  rodents — exert  the  greatest  impact  as  they  are  abun- 
dant and  efficient  consumers.  However,  in  habitats  where  they  are 
abundant  (such  as  the  Cactus  Forest  of  the  east  monument),  round- 
tailed  ground  squirrels  consume  the  major  portion  of  dropped  fruits. 
Trie  impact  of  specific  saguaro  fruit  consumers  varies  greatly  from  one 
desert  community  to  another.  In  flat  habitats  of  the  east  monument, 
relatively  dense  populations  of  harvester  ants  and  round-tailed  ground 
squirrels  quickly  remove  most  of  the  seeds  which  reach  the  ground. 
However,  in  flat  habitats  of  the  west  monument  where  neither  species  is 
abundant,  a  large  proportion  of  the  seed  crop  remains  on  the  ground, 
undisturbed  throughout  the  pre-germination  period. 
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In  some  locations,  seeds  remain  over  winter  on  the  ground.  However, 
as  a  result  of  destruction  by  insects,  microorganisms,  or  climatic  action, 
few  if  any  survive  or  contribute  significantly  to  the  following  year's  ger- 
minable  seed  supply. 

Most  of  the  fruits  drop  to  the  ground  immediately  beneath  the  parent 
plant.  Intensive  animal  activity  sponsored  by  this  abundance  of  food  not 
only  results  in  heavy  attrition  of  seeds  from  these  sites  but  also  severely 
limits  the  suitability  of  such  sites  for  germination  and  seedling  survival, 
especially  in  flat  habitats. 

In  view  of  abundant  germination  observed  during  favorable  years,  it  is 
unlikely  that  the  lack  of  young  saguaros  evident  in  some  habitats  is  at- 
tributable to  attrition  of  seeds. 

Germination.  The  principal  germination  of  saguaro  seeds  takes  place 
in  July  and  August  from  seeds  of  the  current  year's  crop.  Optimum  con- 
ditions for  natural  germination  coincide  with  the  first  full  development 
of  monsoon  storms.  Then,  during  the  period  from  mid- July  to  mid- Au- 
gust, germination  is  normally  associated  with  the  occurrence  of  two  or 
more  rainstorms  within  a  2-  to  5 -day  period. 

The  availability  of  moisture  is  the  critical  determinant  in  the  germina- 
tion process;  temperature  and  light  requirements  are  readily  satisfied 
within  all  natural  habitats  of  the  saguaro.  In  continuous  contact  with 
free  water,  germination  takes  place  in  48-72  hr. 

The  germination  process  is  facilitated  by  the  capability  of  seeds  to  ab- 
sorb moisture  hygroscopically.  We  conclude  that  this  is  an  important 
adaptive  strategy.  Pre-conditioning  by  hygroscopic  imbibition  can 
reduce  the  critical  period  of  required  contact  with  free  water  by  as 
much  as  one  day,  importantly  mitigating  the  need  for  a  prolonged 
period  of  saturation  at  the  soil  surface. 

The  saguaro  is  dependent  in  its  germination  requirements  on  a  physi- 
cally modified  microenvironment  produced  by  trees,  shrubs,  rocks,  or 
other  shade-producing  objects.  These  shaded  microhabitats  provide 
moderated  daytime  temperatures  that  are  within  the  upper  range 
required  for  germination  and  prolong  periods  of  high  moisture  availa- 
bility at  the  soil  surface.  Ultimately,  the  number  of  adequately  shaded 
sites  suitable  for  saguaro  seed  germination  is  limited  by  the  physical 
structure  of  the  community. 

Experimental  evidence  indicates  that  fewer  than  1  in  200  seeds  that 
reach  a  site  where  germination  can  occur  survive  to  the  seedling  stage. 
We  estimate  that  the  net  natural  survival  to  the  initial  stage  of  seedling 
establishment  is  less  than  1  per  1000  seeds  produced. 

The  summer  climatic  environment  of  the  Tucson  area  is  well  within 
the  range  necessary  for  saguaro  seed  germination;  this  exceeds,  in  ger- 
mination suitability,  the  drier,  more  westerly  portions  of  the  species' 
range.  At  Tucson,  depending  upon  the  overall  intensity  of  monsoon 
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development,  the  year-to-year  suitability  of  conditions  for  natural  ger- 
mination ranges  from  poor  to  near  optimum,  but  some  natural  germina- 
tion occurs  in  all  years. 

It  seems  likely  that  the  western  limits  of  saguaro  distribution  in 
California,  Arizona,  and  northern  Sonora  are  controlled  by  insufficient 
moisture  for  germination.  Elsewhere  to  the  northeast  and  south,  it  is 
clear  that  summer  climatic  environments  would  permit  natural  germina- 
tion far  beyond  the  present  limits  of  saguaro  distribution.  Those  limits, 
therefore,  must  be  determined  by  factors  that  operate  during  the  post- 
germination  stages  of  the  plant's  growth. 


4 

Establishment  and  Survival 


The  seeds  which  reach  the  ground  quickly  germinate  in  the  baking  soil,  and 
the  tiny  capsules  of  acid  water  stored  in  the  plump  spineless  hypocotyl  con- 
stitute a  most  attractive  morsel  for  the  thirsty  and  hungry  animals,  and  not 
one  seedling  in  a  million  survives  the  first  year  in  consequence.— D.  T.  Mac- 
Dougal,  "Across  Papagueria,"  1908b:98. 


Of  the  many  thousands  of  saguaro  seedlings  that  emerge  each 
summer,  all  but  a  few  are  doomed  to  destruction  within  the  year.  Most 
of  the  succulent,  weakly  rooted  seedlings  are  eaten  or  uprooted  by 
foraging  animals,  or  they  die  from  drought  or  winter  cold.  The  few  sur- 
viving individuals  are  usually  concealed  beneath  protecting  shrubs,  fal- 
len limbs,  or  among  rocks.  There  they  may  be  further  hidden  by 
detritus. 

The  average  life  expectancy  of  a  newly  sprouted  saguaro  seedling  is 
less  than  6  weeks.  Emerging  within  a  few  days  after  the  end  of  the  pro- 
longed drought  of  the  arid  fore-summer  when  other  sources  of  moisture 
are  scarce,  the  succulent  seedling  is  prey  to  an  abundance  of  insects, 
rodents,  and  even  to  destruction  by  foraging  birds. 

The  relatively  few  survivors  proceed  toward  establishment,  which  is 
the  process  of  stabilization  that  takes  place  from  germination  through 
seedling  development  into  juvenile  saguaro  status  (Figs.  24-26).  The  ju- 
venile is  a  well-rooted  and  self-supporting  young  plant  in  which  a  certain 
continuance  is  assured.  The  seedling  saguaro  is  the  emerged  young 
plant — after  rupture  of  the  seed  coat  at  germination — that  remains  rela- 
tively vulnerable  without  benefit  of  the  self-sustaining  features  that 
characterize  later  life  as  an  established  juvenile  plant  (Fig.  24 A).  For 
the  saguaro  establishment  is  ordinarily  reached  at  an  age  of  12-14 
months  (Fig.  24B).  Thus,  the  tenuous  process  of  establishment  is  ac- 
:omplished  by  a  seedling  saguaro  during  its  first  biological  year  of  life,  a 
Deriod  that  may  exceed  a  calendar  year  by  1  or  2  months. 
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Fig.  24 A.  A  newly  sprouted  saguaro  seedling  in  the  Cactus  Forest  at  Saguaro  National 
Monument  (east).  In  this  habitat  the  average  life  expectancy  of  such  naturally  growing 
seedlings  of  a  few  millimeters  in  size  is  less  than  6  weeks.  Most  of  the  tiny  succulent 
seedlings  die  from  lack  of  moisture  or  are  destroyed  by  a  variety  of  insects,  rodents,  and 
foraging  birds  during  the  first  summer  and  fall  of  life.  Photographed  by  Harold  T.  Coss,  23 
July  1970. 
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Fig.  24B.  Yearling  saguaro,  Cactus  Forest,  Saguaro  National  Monument  (east).  Barely  5 
mm  (0.25  inch)  tall,  the  established  plant  has  survived  the  numerous  hazards  of  the  fust 
year  of  life.  With  the  resumption  of  growth  during  the  second  summer  of  life,  the  seedling 
enters  the  globose  juvenile  stage  of  development.  Photographed  by  Harold  T.  Coss,  23  July 
1970. 
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Fig.  25 A.  Juvenile  saguaro,  globose  stage,  height  approximately  2.5  cm  (1  inch),  in  rock 
outcrop.  Rocks  concentrate  and  prolong  availability  of  soil  moisture.  Re-radiation  during 
cold  winter  nights  moderates  the  intensity  and  duration  of  low  temperatures.  Such 
environmental  modification  and  concealment  that  is  found  in  rocky  habitats  markedly 
enhance  probabilities  of  both  the  seedling's  establishment  and  its  following  survival  during 
the  vulnerable  juvenile  years.  Photographed  13  Feb.  1970. 
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Fig.  25B.  Juvenile  saguaro,  globose  stage,  height  approximately  2.5  cm  (1  inch),  beneath 
the  crown  of  a  foothill  paloverde  tree  {Cercidium  microphyllum)  in  nonrocky  habitat. 
Pebbles  and  detritus  provide  concealment  and  protection  from  destruction  by  animals. 
Shade  from  overhanging  crown  of  trees  and  shrubs  prolongs  availability  of  soil  moisture. 
Overhanging  canopy  reduces  nocturnal  heat  loss  and  provides  protection  from  freezing.  As 
in  rocky  habitats  (see  Fig.  25  A),  the  concealment  and  the  modification  of  limiting  factors 
favor  both  the  establishment  and  the  following  survival  of  young  saguaros.  Photographed 
14  Dec.  1969. 
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Fig.  26A.  Juvenile  saguaro,  columnar  stage,  ht  50  cm  (20  inches),  in  rocky  habitat. 
Transition  from  globose  to  columnar  "club"  form  occurs  when  the  plant  reaches  a  height 
of  5-10  cm  (2-4  inches),  Nocturnal  re-radiation  from  the  adjacent  rock  face  aids  winter 
survival  throughout  the  life  of  the  plant  by  protecting  it  from  lethal  subfreezing 
temperatures.  Photographed  22  Jan.  1971. 
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Fig.  26B.  Juvenile  saguaro,  columnar  stage,  ht  50  cm  (20  inches),  in  a  low  shrub  (triangle 
bursage  [Ambrosia  deltoidea]).  The  young  saguaro  has  outgrown  the  protection  of  its 
"nurse-plant."  The  projecting  cold-sensitive  tip  of  the  plant  now  radiates  directly  to  the 
night  sky  and  is  fully  exposed  to  extremes  of  winter  cold.  Freeze-caused  damage  to  the 
apex-and  often  death-is  a  common  occurrence  in  the  Tucson  vicinity  and  elsewhere  in 
the  colder  portions  of  the  saguaro's  distribution.  Photographed  17  June  1974. 
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Biotic  Factors 

Rodents  and  birds 

Rodents  are  a  major  cause  of  first-year  saguaro  mortality.  In  the 
absence  of  other  sources  of  food  and/or  moisture,  most  if  not  all  of  the 
species  of  rodents  that  occur  commonly  in  the  principal  saguaro 
habitats  at  Saguaro  National  Monument  and  elsewhere  in  the  Sonoran 
Desert  will  feed  upon  saguaro  seedlings  (Tables  13  and  14).  In  addition 
to  direct  destruction  by  consumption,  a  substantial  number  of  young 
saguaros  are  uprooted  or  buried  by  intensive  digging,  especially  by  the 
Harris  and  round-tailed  ground  squirrels. 

We  have  found,  however,  that  only  the  white-throated  woodrat  can 
subsist  entirely  on  a  diet  of  live  saguaro  tissues  (Fig.  27).  This  is  because 
the  species  of  Neotoma  are  able  to  metabolize  and  neutralize  oxalates, 
compounds  that  are  lethal  to  other  rodents.  The  story  is  well  told  by 
Schmidt-Nielsen  (1964). 


TABLE  13.  Consumption  of  saguaro  seedlings  by  species  of  rodents  oc- 
curring commonly  in  saguaro  habitats  at  Saguaro  National  Monument. 
All  rodents,  live-trapped  during  mid-summer  1971,  were  held  in- 
doors without  food  or  water  for  24  hr  prior  to  feeding.  Each  animal  was 
then  provided  with  a  single  pot  containing  15 -day-old  seedlings  growing 
in  native  soil.  In  every  instance,  all  seedlings  offered  were  eaten  within 
24  hr.  These  results  are  similar  and  not  significantly  different  from  those 
of  previous  experiments.  Experiments  of  similar  design  conducted  in  the 
field  laboratory  at  Navojoa  with  rodents  from  southern  Sonora  (see  Table 
14)   produced  results  similar   to   those  obtained  at  Tucson,  Arizona. 


Species 

Seedlings 
consumed 

Digging  activity 
(Soil  disturbance) 

Hr 

No. 

Spermophilus  tereticaudus 

17 

56 

overturned 

Citellus  harrisi 

6 

54 

overturned 

Neotoma  albigula 

5 

65 

slight 

Dipodomys  merriami 

24 

94 

overturned 

Perognathus  baileyi 

9 

33 

overturned 

Perognathus  penicillatus 

24 

24 

overturned 

Peromyscus  eremicus 

24 

60 

none 
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Seedlings  of  saguaros  (and  those  of  other  cacti)  that  are  not  well  hid- 
den on  the  desert  floor  are  vulnerable  "canteens"  that  are  approximate- 
ly 90%  water.  In  the  desert,  such  cactus  "feeding"  rises  sharply  during 
the  hot-dry  months  of  May  and  June  that  precede  the  summer  rains.  Ex- 
perimentally, however,  we  have  found  that  under  the  hot-dry  stress 
when  ample  free  water  and  other  fresh  green  plant  material  (grasses  and 
forbs,  both  with  and  without  seeds,  and  leaves)  are  available  at  the  same 
time  of  year  (and  any  other  time),  the  same  ground  squirrels  (Citellus) 
and  desert  mice  (Peromyscus,  Onychomys)  refuse  cactus  of  any  species, 
age,  or  succulence.  Because  of  oxalate  poisoning,  only  one  of  these 
mammals  (Neotoma)  is  able  to  incorporate  the  saguaro  (and  cacti  in 
general)  into  its  diet  as  a  substantial  food  item.  Desert  rodents  in 
general,  and  certain  larger  mammals  as  well  (Fig.  27B),  irregularly  in- 
gest limited  amounts  of  cactus  tissue  primarily  or  wholly  for  its  water 
content  rather  than  for  its  caloric  value.  Packrats  can  and  do  have  it 
both  ways,  saguaros  included. 

Destruction  of  recently  emerged  seedlings  by  cactus  wrens  has  been 
observed.  However,  uprooted  plants  are  not  eaten.  There  is  no  doubt 
that  the  similar  intensive  foraging  and  digging  activities  of  the  curve- 
billed  thrasher,  gilded  flicker,  and  gila  woodpecker  also  result  in 
destruction  of  young  seedlings. 

In  nonrocky  habitats,  seedlings  are  rarely  found  near  the  base  of  adult 
saguaros,  and  almost  never  become  established  there.  Such  stations  are 
subject  to  intense  disturbance  by  foraging  animals.  Generally,  the 
probability  of  seedling  survival  increases  with  distance  from  reproduc- 
tive adult  saguaros. 

Insects 

Young  saguaros  are  subject  to  predation  by  a  diversity  of  plant-eating 
insect  species,  none  of  which  are  known  to  feed  exclusively  on  saguaros. 
The  list  of  predators  shown  in  Table  15  is  by  no  means  complete.  Our 
own  field  observations  and  reports  by  others  (Turner  et  al.  1966;  Mann 
1969)  indicate  that  a  complete  listing  of  insect  predators  on  young 
saguaros  would  include  additional  families,  and  many  times  the  number 
of  species  identified.  Although  some  insect-caused  mortality  of  young 
saguaros  takes  place  during  every  month  of  the  year,  the  heaviest  preda- 
tion occurs  during  the  humid  summer  months  immediately  following 
germination,  and  again  with  the  arrival  of  warm  weather  in  April  and 
May. 

During  the  first  weeks  following  germination,  the  succulent  seedlings 
are  particularly  vulnerable  to  destruction  by  the  newly  hatched  larvae  of 
lepidopterous  insects.  Immediately  after  hatching,  the  larva  enters  at  the 
base  or  at  the  apex  of  the  seedling  to  feed  on  the  succulent  inner  tissues. 
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Fig.  27 A.  Juvenile  saguaro  at  Saguaro  National  Monument  (east)  severely  damaged  by 
white-throated  woodrat  (Neotoma  albigula)  and  subsequent  freezing.  Woodrat  tunnels 
often  extend  like  a  winding  staircase  completely  through  the  stem.  Such  damage  occurs  on 
both  juvenile  and  adult  saguaros  and  increases  vulnerability  to  freezing  and  to  wind-caused 
stem  breakage.  Photographed  15  Sept.  1968. 
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Fig.  27B.  Juvenile  saguaro  on  the  Cabeza  Prieta  Game  Range  (west  of  Organ  Pipe  Cactus 
National  Monument).  In  the  more  arid  portions  of  the  saguaro's  range,  and  elsewhere 
during  periods  of  severe  drought,  jackrabbits  utilize  the  succulent  stem  tissues  as  a  source 
of  moisture.  Similar  consumption  by  desert  bighorn  sheep  has  been  observed  (Simmons 
1969).  Although  such  damage  does  not  in  itself  usually  kill  the  saguaro,  such  "girdling" 
increases  the  plant's  vulnerability  to  destruction  by  wind  and  freezing.  Photographed  3 
Feb.  1971. 


92         Ecology  of  the  Saguaro 


TABLE  15.  Insect  consumers  of  young  saguaro  cacti,  collected  in  saguaro 
habitats  at  Saguaro  National  Monument,  (east).  Insects  were  placed  in  closed 
containers  with  young  saguaros.  All  species  fed,  consuming  the  entire  succulent 
portions  of  the  stems  of  one  or  more  plants. 


Species 

Month  collected 

Stage 

Lepidoptera 

Cactobrosis  femaldialis  (Hulst) 

June,  July 

larva 

Feltia  subterranea  (Fabricus) 

June 

larva 

Heliothis  zea  (Boddie) 

April,  May 

larva 

Orthodes  alfkeni  (Grote) 

July,  Dec,  Feb. 

larva 

Peridroma  margaritosa  (Hawthorn) 

June,  July 

larva 

Spodoptera  exigua  (Hubner) 

April 

larva 

Orthoptera 

Melanoplus  sp. 

July 

nymph 

Heleastus  sp. 

July 

nymph 

Gryllidae  2  spp. 

July 

adult 

Coleoptera 

Aneflus  protensus  (Le  Conte) 

July 

adult 

Leaving  the  epidermis  largely  intact,  the  larva  then  moves  on  to  an  ad- 
jacent plant.  The  remaining  withered  epidermis  presents  the  appearance 
of  death  resulting  from  lack  of  moisture.  Some  of  the  previously  re- 
ported summer  drought-kill  based  on  observations  of  desiccated 
seedlings  (Steenbergh  and  Lowe  1969)  may  be  more  correctly  attributa- 
ble to  such  destruction  by  insects.  Subsequent  observations  indicate  that 
insects  are  second  only  to  rodents  as  a  cause  of  seedling  death  during 
the  first  weeks  following  germination. 
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By  the  end  of  the  first  summer  growth  period,  the  relatively  tough 
epidermal  tissues  protect  the  seedling  from  entry  by  small  insect  larvae 
and  the  well-developed  spines  protect  the  tender  apex.  However,  the 
seedling  remains  vulnerable  to  destruction  by  larger  insect  predators: 
grasshoppers,  crickets,  beetles,  and  the  larger  larvae  of  certain  moths. 

Cutworms  (noctuid  moth  larvae)  appear  to  be  the  most  common  in- 
sect-consumers of  saguaros  that  have  survived  beyond  the  first  summer 
(Steenbergh  and  Lowe  1969;  Table  15).  Leaving  only  the  roots  and 
spines  of  demolished  plants,  cutworms  frequently  make  a  meal  of 
several  adjacent  young  plants  (incidentally  relieving  competition  for  the 
survivors).  Consumption  of  an  entire  4-year-old  plant  (1.5  cm;  0.6  inch 
ht)  within  a  24-hr  period  was  observed.  The  ability  of  the  young  saguaro 
to  survive  insect-caused  damage  increases  with  age  and  size — the 
saguaro  outgrows  the  individual  consumptive  capacity  of  most  predato- 
ry insects  within  the  first  5  years  of  life. 

Gerstaeckeria  turbida  (Lee),  a  weevil  reported  by  Turner  et  al. 
(1966)  to  be  the  principal  insect  responsible  for  the  deaths  of  trans- 
planted (cultured)  young  saguaros  at  Saguaro  National  Monument,  was 
not  observed  during  our  investigations  on  causes  of  mortality  in 
seedlings  naturally  germinated  on-site  in  saguaro  habitats. 

A  few  species  of  large  insects  do  occasionally  invade  larger  juvenile 
saguaros.  At  Saguaro  National  Monument  (east)  the  destruction  of 
transplanted  saguaros  up  to  30  cm  ( 1  ft)  tall  by  the  larva  of  a  large 
weevil  [Cactophagus  validus  (LeConte)]  has  been  observed.  Our  obser- 
vations on  naturally  established  saguaros,  however,  indicate  that  insect- 
caused  deaths  of  such  larger  juvenile  saguaros  rarely  occur  in  nature. 
Further,  our  observations  strongly  suggest  that  such  destructive  invasion 
of  large  juvenile  saguaros  by  insects  is  limited  to  weak,  moribund,  or 
dead  individuals  damaged  by  freezing  or  other  factors. 

Experimental  exclosures 

Seed  broadcasting  and  experimental  exclosures  were  used  on-site  in 
both  the  east  and  west  units  of  Saguaro  National  Monument  (Tables  19- 
22;  Figs.  19B,  29,  30).  Details  on  the  structure  and  placement  of  the 
wire  exclosures  are  given  in  Steenbergh  and  Lowe  (1976). 

Comparison  of  1968  seedling  survival  in  open  (unprotected)  and  ex- 
closure  (protected)  plots  clearly  shows  that  vertebrate  predators  are  a 
primary  cause  of  saguaro  seedling  mortality  during  the  first  5  pre-winter 
months  of  the  first  year  of  life  (Tables  19-22;  Figs.  29  and  30). 

The  life  expectancy  of  seedlings  protected  by  exclosures  that  effec- 
tively excluded  all  vertebrate  animals  (but  not  insects)  was  approxi- 
mately 10  times  that  of  seedlings  subject  to  natural  predation  (Table 
21). 
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TABLE  17.  Regression  equations  for  post-germination  survival  of 
saguaro  seedlings  germinated  July  1967;  probit  conversion  of  percent 
survival  of  seedlings  (10  on  time  in  days  from  1  July  (X)  by  least  squares. 
Habitat  symbols  as  in  Table  16;  data  in  Table  16  is  graphed  in  Fig.  28. 


Habitat 


N 


Equation 


SEF 

18 

SEHS 

15 

SEHN 

6 

SERS 

20 

SERN 

8 

SWRS 

7 

SWRN 

8 

Probit  Y  =  -0.006  X  +  3 .897  -0.882 

Probit  Y  =  -0.010  X  +  5.225  -0.828 

Probit  r  =  -0.016  X  +  4.645  -0.922 

Probit  Y  =  -0.003  X  +  4.617  -0.890 

Probit  Y  =  -0.025  X  +  6.230  -0.943 

Probit  Y  =  -0.040* +  6.762  -0.968 

Probit  Y=  -0.040*  +7.299  -0.982 


TABLE  18.  Post-germination  survival  and  establishment  rates 
of  saguaro  seedlings  (N  =  231)  naturally  germinated  July  1967 
in  representative  habitats  at  Saguaro  National  Monument; 
predicted  survival  and  establishment  rates  estimated  by  regres- 
sion equations  in  Table  17.  Habitat  symbols  as  in  Table  16. 
"JV"  is  the  original  number  of  seedlings  under  observation. 
Survivorship  is  shown  as  time  in  days  to  0.001  survival  (1  sur- 
vivor per  1000  seedlings).  Establishment  rate  is  expressed  as 
number  of  seedlings  per  1000  surviving  to  the  end  of  the  first 
year  of  life  (15  July  1968).  Data  in  Table  16,  graphed  in  Fig. 
28. 


AT 

Survivorship 

Establishment 

Habitat 

To  0.001 

1st  year 

(days) 

(no.) 

SEF 

73 

334.6 

0.4 

SEHS 

10 

3269.0 

0.1 

SEHN 

49 

175.2 

<0.1 

SERS 

23 

1207.6 

68.2 

SERN 

17 

171.1 

<0.1 

SWRS 

26 

120.2 

<0.1 

SWRN 

33 

134.3 

<0.1 
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Fig.  28.  Post-germination  first-year  survivorship  of  saguaro  seedlings  (N  =  231)  naturally 
germinated  July  1967  in  representative  habitats  at  Saguaro  National  Monument;  percent 
survival  on  time  in  days  from  1  July.  Data  in  Table  16,  regression  equations  in  Table  17. 


Within  exclosures,  consumption  by  insects  was  the  principal  cause  of 
seedling  deaths.  However,  despite  relatively  mild  winter  minimum  tem- 
peratures, there  were  four  freeze-caused  seedling  deaths  within  the  two 
north-slope  plots. 

The  relatively  high  rate  of  survival  within  the  east  monument  "flats" 
exclosure  is  especially  noteworthy.  In  that  habitat,  the  pre-winter  July  to 
November  climatic  environment  is  highly  favorable  for  seedling  sur- 
vival. There,  also,  it  appears  that  the  foraging  activities  of  birds  and 
rodents  are  most  detrimental  to  seedling  survival. 

Although  seedling  survival  in  rocky  habitats  was  improved  vastly  by 
the  use  of  exclosures,  the  relative  suitability  of  north-facing  and  south- 
facing  slopes  for  seedling  survival  was  not  altered  by  the  exclusion  of 
vertebrate  animals.  The  differences  in  the  relative  suitability  of  these 
habitats  for  pre-winter  (July  to  November)  seedling  survival  must  be  at- 
tributed to  other  factors,  namely,  consumption  by  insects  and,  to  a 
lesser  extent  at  Saguaro  National  Monument  (west),  to  differences  in 
moisture  availability. 
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TABLE  21.  Comparison  of  post-germination  survival  and  establishment  rates  of  saguaro 
seedlings  (TV  =  1268)  in  paired  protected  (exclosure)  and  unprotected  (open)  0.25  m^ 
(2.7  ft 2)  plots  for  seedlings  naturally  germinated  July  1968.  Exclosure  plots  were 
covered  from  the  date  of  seedling  emergence  with  0.5-inch  (1.3-cm)  mesh  hardware-cloth 
cages  (30  cm;  11.8  in  ht  X  61  cm;  24.0  in  dia.)  to  exclude  birds  and  mammals  (Fig.  19B). 
Survival  and  establishment  rates  estimated  using  regression  equations  in  Table  22. 
Habitat  symbols  as  in  Table  16.  "TV"  is  the  original  number  of  seedlings  under  observa- 
tion. Survivorship  is  shown  as  time  in  days  to  0.001  survival  (1  survivor  per  1000  seed- 
lings). Establishment  rate  is  expressed  as  number  of  seedlings  surviving  to  the  end  of  the 
first  year  of  life  (15  July  1969).  Data  in  Tables  19  and  20,  graphed  in  Figs.  29  and  30. 


Open 

Survivorship  and  Establishment 

Exclosure 

Habitat 

TV 

To  0.001 
(days) 

1  st  year 
(no.) 

N 

To  0.001 
(days) 

1st  year 
(no.) 

SEF 

114 

76.5 

<0.1 

283 

1442.0 

498.6 

SERS 

27 

100.2 

<0.1 

232 

968.8 

223.4 

SERN 

37 

74.2 

<0.1 

237 

462.9 

60.6 

SE-(all) 

178 

85.9 

<0.1 

752 

806.9 

122.1 

SWF 

13 

129.0 

<0.1 

30 

1316.4 

629.0 

SWRN 

59 

91.8 

<0.1 

85 

1001.7 

737.8 

SWRS 

- 

82.1a 

<0.1a 

151 

1128.4 

463.1 

aEstimated  values  based  on  analysis  of  1967  data. 


Abiotic  Factors 


Drought 

Drought-caused  mortality  of  saguaro  seedlings  is  related  importantly 
to  the  date  of  germination  and  subsequent  conditions  for  growth. 
Seedlings  which  sprout  during  July  and  early  August  usually  attain  suffi- 
cient size  and  volume  during  the  summer  growth  period  to  survive 
through  the  autumn  and  fore-summer  drought  periods.  During  occa- 
sional years  with  heavy  September  and/or  October  rains,  survival  is 
further  aided  by  additional  growth. 

Few  seedlings  that  result  from  late  summer  germination  (late  August 
and  September),  however,  survive  to  the  start  of  the  second  year  of  life. 


104        Ecology  of  the  Saguaro 


TABLE  22.  Regression  equations  for  post-germination  survival  of 
saguaro  seedlings  germinated  July  1968;  probit  conversion  of  percent 
survival  of  seedlings  (Y)  on  time  in  days  from  1  July  (X)  by  least  squares. 
Habitat  symbols  as  in  Table  16.  Data  in  Tables  19  and  20,  graphed  in 
Figs.  29  and  30. 


Habitat 


N 


Equation 


SEF 

4 

SERS 

5 

SERN 

4 

SE  (all) 

13 

SWF 

4 

SWRN 

5 

SEF 

14 

SERS 

14 

SERN 

14 

SE  (all) 

42 

SWF 

10 

SWRS 

14 

SWRN 

10 

SW(all) 

34 

UNPROTECTED  PLOTS 

Probit  Y  =  -0.103  X+  9.805  -0.979 

Probit  Y=  -0.056  X+  7.471  -0.920 

Probity  = -0.109  JT  +  9.971  -0.973 

Probit  Y=  -0.077  X+  8.558  -0.837 

Probit  Y=  -0.046  X+  7.836  -0.959 

Probit  Y=  -0. 100  X+  11.059  -0.977 
PROTECTED  PLOTS 

Probit  Y=  -0.003  X+  5.788  -0.846 

Probit  7  =  -0.004  X+  5.736  -0.724 

Probit  Y  =  -0.007  X+  5.108  -0.701 

Probit  Y  =  -0.004  X+  5.541  -0.442 

Probit  Y  =  -0.004  X+  6.675  -0.941 

Probit  Y  =  -0.004  X  +  6.423  -0.884 

Probit  Y  =  -0.006  X+  7.870  -0.962 

Probit  Y  =  -0.005  X  +  6.924  -0.668 
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Fig.  29.  First-year  post-germination  survivorship  in  open  and  protected  field  plots  of 
saguaro  seedlings  (N  =  338)  germinated  July  1968  at  Saguaro  National  Monument  (west). 

As  in  the  east  monument,  high  rates  of  survival  within  exclosures  indicate  that  mammals 
and  birds  are  a  primary  cause  of  first-year  seedling  mortality  in  all  habitats.  Relative 
survivorship  within  exclosures  on  north-facing  and  south-facing  slopes  is  reversed  from 
that  observed  in  the  east  monument  (see  Tables  21  and  22;  Fig.  30). 

In  this  arid  environment  the  higher  rate  of  survival  on  the  north-facing  slope  is 
attributed  to  the  more  favorable  moisture  relationships  that  prevail  in  that  habitat  during 
critical  drought  periods. 

Regression  equations  in  Table  22,  data  in  Tables  19  and  20. 
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Fig.  30.  First-year  post-germination  survivorship  in  open  and  protected  plots  of  saguaro 
seedlings  (N  =  930)  germinated  July  1968  at  Saguaro  National  Monument  (east). 

The  results  clearly  indicate  that  vertebrate  predators  (mammals  and  birds)  are  a 
primary  cause  of  saguaro  seedling  mortality  during  the  first  year  of  life.  In  the  flat 
(nonrocky)  habitat,  the  rate  of  survival  in  the  exclosure  plot  indicates  that  the  pre-winter 
climatic  environment  in  that  habitat  is  highly  favorable  for  seedling  survival,  and  suggests 
that  destructive  foraging  activities  of  birds  and  rodents  are  most  intense  in  that  habitat. 
Regression  equations  in  Table  22,  data  in  Tables  19  and  20. 
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Such  seedlings  do  not  develop  sufficient  water-storage  capacity  in  the 
brief  remaining  growth  period  to  survive  prolonged  periods  of  drought. 
Poorly  developed  seedlings  that  survive  the  arid  after-summer  are 
usually  eliminated  by  the  more  severe  drought  conditions  of  the  follow- 
ing arid  fore-summer  (Steenbergh  and  Lowe  1969).  Our  observations 
on  winter  mortality  of  seedling  and  young  juvenile  saguaros,  however, 
support  the  conclusion  that  low  levels  of  hydration  increase  resistance 
to  freezing  (Soule  and  Lowe  1970). 

Desiccation  and  moisture  stress  resulting  from  freeze-caused  injury  to 
seedlings  and  young  juvenile  saguaros  are  important  causes  of  apparent 
drought-kill  during  the  arid  fore-summer  (Steenbergh  and  Lowe  1976). 
Although  the  death  of  such  plants  finally  results  from  critical  moisture 
stress,  their  death  must  be  attributed  to  freezing  rather  than  to  drought. 


Freezing 

The  results  of  the  1967  and  1968  seed-broadcasting  experiments  offer 
a  reasonable  measure  of  seedling  establishment  in  the  principal  desert 
habitats  at  Saguaro  National  Monument  during  years  with  relatively 
mild  winters  (Tables  16-22;  Figs.  28-30).  During  the  two  winters  of 
those  experiments,  the  lowest  recorded  minimum  temperatures  at  the 
University  of  Arizona  weather  station  were  22°F  (— 5.6°C)  and  30°F 
(-l.rC),  1°F  (0.6°C)  and  9°F  (5.0°C),  respectively,  above  the  77-year 
mean  ( 2 1 . 1°F;  -6. 1  °C )  for  that  station . 

The  ultimate  suitability  of  these  habitats  for  the  establishment  and 
survival  of  young  saguaros  is  determined,  however,  not  by  any  climatic 
average  but,  rather,  by  the  extreme  minimum  temperatures  of  the  most 
severe  winter  that  they  must  endure.  Catastrophic  freezes,  a  common 
occurrence  in  this  region,  critically  limit  survival  not  only  of  seedlings 
but  of  survivors  from  previous  years  as  well  (Steenbergh  and  Lowe 
1976).  At  those  times,  the  highest  probability  for  continued  survival  of 
the  young  plant  becomes  abruptly  and  decisively  associated  with 
specific  topographic  situations  (sensu  microhabitats)  that  effectively 
moderate  the  intensity  and  duration  of  critical  winter  minimum  tem- 
peratures, i.e.,  south-facing  slopes,  rocky  footslopes,  and  the  upper  por- 
tions of  adjoining  valleys  (Fig.  31).  These  are  winter-warm  microen- 
vironments.  Moreover,  saguaros  at  the  highest  elevation  (approximately 
1585  m;  5200  ft)  are  growing  only  against  south-facing  (nocturnal  re- 
radiating)  rock  outcrops  (Fig.  32A).  Conversely,  in  the  colder  microen- 
vironments  of  north-facing  slopes  and  areas  of  cold-air  drainage  and  ac- 
cumulation, there  is  a  high  rate  of  freeze-caused  mortality;  there  is  little 
or  no  survival  of  young  saguaros  in  such  habitats  (Fig.  32B). 
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On  the  upper  bajadas  (nonrocky,  "flat"  habitats),  winter  thermal 
microenvironments  and  freeze-caused  mortality  are  intermediate 
between  those  of  north-facing  and  south-facing  slopes,  and  with  in- 
creased distance  from  adjoining  footslopes  these  habitats  become 
progressively  less  favorable  for  the  survival  of  young  saguaros.  Further- 
more, as  distance  from  the  rocky  footslopes  increases,  winter  survival 
becomes  increasingly  dependent  upon  the  presence  of  a  multistoried 
(cold-moderating)  canopy  of  associated  shrubs  and  trees  (Fig.  33). 


Topography  and  slope  exposure 

Distinct  differences  in  first-year  saguaro  survival  occur  in  topographi- 
cally different  habitats  of  the  two  sections  (east  and  west)  of  Saguaro 
National  Monument.  Field  experiments  comparing  saguaro  seedling  sur- 
vivorship in  rocky  habitats  at  the  east  monument  clearly  demonstrate 
that  pre-winter  survival  on  south-facing  slopes  is  consistently  higher 
than  on  adjacent  north-facing  slopes,  and  that  the  relationship  continues 
throughout  the  first  year  of  life  (Tables  16-22;  Figs.  28-30).  Further, 
first-year  survival  in  flat  (nonrocky)  habitats  is  lower  than  on  south-fac- 
ing slopes,  but  higher  than  on  the  north-facing  slopes.  Survival  in  the 
rolling-hills  habitats  is  intermediate  between  that  in  flat  and  rocky 
habitats,  and  there,  as  on  the  steeper  rocky  slopes,  seedling  survival  on 
the  south-facing  slopes  is  higher  than  on  the  north-facing  slopes. 

Due  to  lack  of  germination  in  some  experimental  plots,  survivorship 
data  from  two  west  monument  habitats  are  incomplete;  in  1967,  there 
was  no  germination  at  the  "flats"  site,  and,  in  1968,  there  was  none  in 
the  open  plot  at  the  "rocks,  south"  site.  However,  synthesis  of  the 
available  data  for  these  years  suggests  that  conditions  for  pre-winter 
seedling  survival  in  the  west  monument  habitats  differ  significantly  from 
those  of  analogous  habitats  in  the  east  monument.  Data  from  the  west 
monument  (1967  experiments,  and  from  1968  exclosures)  indicate  that 
north-facing  slopes  offer  a  slightly  more  favorable  environment  for  pre- 
winter  survival  of  seedlings  than  do  south-facing  slopes.  Compared  to 
the  east  monument,  the  west  monument  offers  a  hotter  and  more  arid 
environment.  In  that  environment,  relatively  higher  availability  of 
moisture  on  north-facing  slopes  may  well  explain  the  higher  rate  of  pre- 
winter  survival  in  those  habitats. 
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Fig.  31  A.  Sub-marginal  habitat  for  saguaros-a  north-facing  slope  overlooking  the  Cactus 
Forest  at  Saguaro  National  Monument  (east).  Saguaro  seeds  germinate,  but  young  plants 
rarely  become  established  in  such  habitats-most  seedlings  that  survive  through  the  warm 
pre-winter  months  die  during  the  cold  winter  months  of  the  first  year  of  life.  Thus  few 
saguaros  occur  naturally  on  such  sites.  Cold  air  drainage  from  such  north-facing  slopes 
contributes  to  freezing  conditions  and  resulting  saguaro  deaths  in  the  Cactus  Forest  below. 
Photographed  21  Feb.  1969. 
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Fig.  3 IB.  The  warmer  winter  environment  of  this  south-facing  slope  of  the  ridge,  shown 
in  Fig.  31  A,  offers  more  favorable  conditions  for  saguaro  establishment  and  survival  than 
either  the  north-facing  slope  or  the  flat  Cactus  Forest  habitat.  However,  this  particular  one 
is  a  marginal  habitat  for  saguaros  as  evidenced  by  the  freeze-caused  constriction  on  the 
2-m  (6.6-ft)  juvenile  saguaro  (left  foreground)  and  the  drooping  top  on  the  young  adult 
plant  (center  right).  The  condition  of  the  latter  plant  is  the  result  of  freezing  at  the  site  of 
a  woodpecker  nest-hole-a  common  cause  of  saguaro  decapitation.  Photographed  21  Feb. 
1969. 
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Fig.  32 A.  Here  at  the  upper  limits  of  their  elevational  distribution  (approximately  1524 
m;  5000  ft)  in  Saguaro  National  Monument  and  in  the  nearby  Santa  Catalina  Mountains 
up  to  1585  m  (5200  ft),  saguaros  grow  against  winter-warm  south-facing  (nocturnal 
re-radiating)  rock  outcrops.  Saguaro  National  Monument  photo  files. 
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Fig.  32B.  Freeze-killed  1.2-m  (3.9-ft)  juvenile  saguaro  on  northeast-facing  slope  at 
Saguaro  National  Monument  (east).  The  plant  outgrew  the  adjacent  rocks  that  protected  it 
from  freezing  during  the  earlier  years  of  its  life.  Photographed  21  Feb.  1969. 
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Soil  moisture 

The  ratio  of  evaporation  to  soil  moisture  comprises  a  measurement  of  all 
the  external  factors  which  affect  the  water  relations  of  plants,  except  the  in- 
fluence of  radiant  energy  on  transpiration  and  the  possible  effects  of  soil  tem- 
perature on  this  function.  It  is  accordingly  unnecessary  to  give  further  con- 
sideration to  rainfall,  which  is  not  in  itself  a  factor  for  vegetation,  at  least  in 
such  a  region  as  Arizona.  Forrest  Shreve,  "The  vegetation  of  a  desert  moun- 
tain range  as  conditioned  by  climatic  factors."  1915:93. 

Drought-caused  mortality  of  saguaro  seedlings,  discussed  previously 
in  this  chapter,  refers  to  death  from  desiccation  resulting  from  drying  of 
the  soil  to  beyond  the  wilting  point.  As  also  discussed,  such  mortality  is 
related  to  details  of  topography,  slope  exposure,  and  other  soil-related 
features  of  saguaro  habitats. 

The  plant-available  soil  moisture  is  affected  importantly  by  the  physi- 
cal texture  of  the  soil  (Table  23).  Nowhere  is  the  result  of  this  fact  more 
striking  than  in  the  Sonoran  Desert  home  of  the  saguaro,  for  saguaros 
are  not  found  in  poorly  aerated  soils  (Shreve  1920;  Kramer  1961, 
1962).  Coarser- textured  soils  primarily  of  gravel  and  rock  on  bajadas, 
fans,  and  rock  slopes  support  more  highly  diverse  desert  biotic  commu- 
nities in  which  the  saguaro  is  a  major  dominant  and  where  it  often  forms 
"saguaro  forests"  (Fig.  34A);  such  coarse  soils  are  also  relatively  well 
drained.  Finer-textured  soils  that  are  relatively  high  in  clay,  silt,  and 
sand  content  support  fewer  species,  and  so  result  in  desert  communities 
of  simpler  structure  (Fig.  34B);  such  relatively  fine  soils  are  also  less 
well  drained  (Yang  and  Lowe  1956;  Kramer  1962;  Whittaker  and  Nier- 
ing  1965). 

In  experiments  with  young  saguaros  we  have  found  that  seedling 
growth  stops  and  death  eventually  results  from  prolonged  exposure  to 
near-saturation  soil  moisture  values  in  soils  of  all  textures.  In  the  green- 
house, rotting  of  young  saguaros  often  results  from  daily  watering  dur- 
ing warm  weather.  In  cultured  young  saguaros,  Booth  and  Alcorn 
(1959)  reported  destruction  of  crowded  plants  by  soft-rot  fungi 
(Fusarium  spp.). 

The  natural  association  of  the  saguaro  with  well-aerated  soils  and, 
conversely,  its  lack  of  tolerance  of  saturated  soils  under  warm  condi- 
tions strongly  suggests  that  the  southern  limits  of  its  distribution  may  be 
determined  by  interactions  of  soil  characteristics  and  summer  climate. 
The  poorly  aerated,  predominately  clayey  soils  that  characterize  the 
edge  of  the  desert  and  coastal  thornscrub  southward  from  the  vicinity 
north  of  Obregon  to  Navojoa  may  prevent  the  growth,  establishment, 
and  survival  of  young  saguaros  there  and  further  southward  in  Mexico 
on  the  west  Gulf  Coast  plain. 
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Fig.  34A.  The  saguaio  is  codominant  with  foothill  paloverde  (Cercidium  micro phy Uurri) 
on  this  rocky  southwest-facing  slope  in  the  Tucson  Mountains,  Saguaro  National 
Monument.  The  cold-sensitive  teddy  bear  cholla  (Opuntia  bigelovi)  on  the  upper  slope  is 
an  indicator  of  a  winter-warm  microclimate.  Coarse-textured  soils  of  gravel  and  rock 
bajadas,  fans,  and  rock  slopes  support  relatively  diverse  desert  biotic  communities  in  which 
the  saguaro  is  a  major  dominant  and  where  it  often  forms  "saguaro  forests."  Photographed 
28  April  1974. 
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Fig.  34B.  Creosotebush  community  in  the  Avra  Valley  northwest  of  Tucson.  The 
fine-textured  soils  of  the  valley  floors  that  are  relatively  high  in  clay,  silt,  and  sand  content 
support  relatively  few  species,  and  so  result  in  communities  of  simpler  structure  than 
those  on  bajadas  or  rocky  slopes  as  shown  in  Fig.  34 A.  The  saguaro  occurs  rarely  when  at 
all  on  such  poorly  aerated  soils.  Photographed  28  April  1974. 
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It  is  not  surprising  that  the  last  saguaro  populations  southward  are 
located  on  natural  rock  piles  (Figs.  8,  12B,  35A).  One  is  on  Cerro 
Prieto  east  of  Navojoa  along  the  Navojoa- Alamos  road  and,  further 
southward,  the  other  is  on  Cerro  Masiaca  located  northwest  of  Masiaca. 
Both  populations  are  in  extreme  southern  Sonora. 

As  demanded  by  the  hypothesis  given,  the  habitats  of  both  of  these 
southernmost  saguaro  populations  are  on  disjunctively  isolated  rocky 
buttes.  These  isolated  populations  are  located  well  above  the  poorly 
aerated,  fine-textured  soils  of  silts  and  clays  that  characterize  the  inter- 
vening stretches  of  the  flood-prone  coastal  plain.  The  intervening  plain 
is  densely  clothed  with  subtropical  thornscrub  ("thorn  forest")  main- 
tained by  a  relatively  high  summer-warm  rainfall  regime  (Fig.  35B). 


Factor  Interactions 


In  any  year,  the  major  portion  of  the  current  seedling  crop  is 
destroyed  by  a  sequence  of  climatic  and  biotic  factors.  The  operation  of 
individual  factors  is  associated  specifically  with  one  or  more  vegetative 
seasons  as  described  by  MacDougal  (1908c,  d)  (Table  24):  humid  mid- 
summer (July  to  September),  arid  after-summer  (October  and 
November),  winter  months  (December  to  March),  and  arid  fore- 
summer  (April  to  June).  Most  seedling  deaths  occur  during  the  summer 
growth  period.  The  rate  of  seedling  mortality  drops  abruptly  with  the 
start  of  the  arid  after-summer  in  September  (Tables  16-22;  Figs.  28-30). 
Round-tailed  ground  squirrels  estivate  at  that  time,  and  insect  numbers 
and  activity  decrease  sharply. 

There  is  large  year-to-year  variability  in  the  rate  of  seedling  establish- 
ment (Tables  25-27;  Fig.  36).  Such  variability  results  primarily  from  dif- 
ferences in  (1)  summer  rainfall  and  (2)  winter  minimum  temperatures. 
During  some  years,  exceptionally  favorable  conditions  for  germination 
produce  an  unusually  large  crop  of  seedlings;  such  conditions  occurred 
at  Saguaro  National  Monument  (east)  in  1964  (Steenbergh  and  Lowe 
1969).  Under  those  conditions  many  seeds  germinate  in  exposed  situa- 
tions where  there  is  little  or  no  chance  for  seedling  establishment. 
Under  those  circumstances  a  high  rate  of  germination  will  be  followed 
by  high  seedling  mortality.  Thus,  a  high  rate  of  seed  germination  does 
not  necessarily  result  in  a  correspondingly  high  rate  of  seedling 
establishment. 

The  relative  importance  of  each  of  the  several  factors  responsible  for 
the  destruction  of  young  saguaros  cannot  be  measured  simply  in  terms 
of  the  relative  mortality  attributable  to  each  cause.  Rather,  the  relative 
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Fig.  35 A.  Young  saguaro  established  in  a  fractured  basalt  boulder  at  Cerro  Masiaca  in 
extreme  -southern  Sonora.  The  two  southernmost  saguaro  populations,  at  Cerro  Masiaca 
and  at  Cerro  Prieto  (48  km  =  30  miles  northward),  are  located  on  boulder  fields  of  rocky 
buttes  well  above  and  disjunctively  isolated  by  the  intervening  level  plains.  Photographed 
27  December  1974. 
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Fig.  35B.  Coastal  thornscrub  vegetation  on  the  plains  of  northern  Sinaloa:  organpipe 
cactus  (Cereus  thurberi,  left),  hecho  {Cereus  pecten-aboriginum,  center),  morning-glory 
trees  (Ipomoea  arborescens,  right),  and  dwarf  jumping  cholla  (Opuntia  fulgida  mamillata, 
left  foreground).  The  saguaro  does  not  occur  in  these  characteristic,  poorly  aerated, 
predominantly  clayey  soils  of  the  thornscrub  plains.  The  southern  limits  of  saguaro 
distribution  may  be  determined  by  its  lack  of  tolerance  of  fine-textured  and  commonly 
saturated  soils  under  warm  conditions.  Photographed  7  Jan.  1972. 
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TABLE  25.  Summary  of  natural  germination  from  broadcast  saguaro  seeds,  Saguaro 
National  Monument  The  mean  annual  germination  from  142,000  seeds  broadcast  during 
these  experiments  was  0.41%  (4052  germinations  per  million  seeds). 

Pre-counted  lots  of  seeds  were  broadcast  within  a  total  of  53  0.5  X  2  m  (1.6  X  6.6  ft) 
plots  during  July  1965,  1966,  and  1967.a  Plots  were  located  beneath  the  crowns  of  foot- 
hill paloverde  (Cercidium  microphyllwri)  trees  in  rocky  (north-facing  and  south-facing 
slope  exposures)  and  nonrocky  (flat)  habitats.  The  number  and  percentage  of  seedlings 
periodically  observed  to  determine  survivorship,  and  the  correspondingly  adjusted  seed 
base  are  shown  in  the  three  right-hand  columns3  (see  Table  26). 


Year 

Plots 

N 

Seeds 
broadcast 

Total 
germination 

N            % 

Survivorship  observed 

N 

% 

Base  (seeds) 

1965 

28 

28,000  ±    50 

96 

0.34 

96 

100.00 

28,000 

1966 

6 

19,000  ±    50 

74 

0.39 

73 

98.65 

18,743 

1967 

19 

95,000  ±  100 

459 

0.48 

328 

71.46 

67,887 

Total 

53 

142,000  ±  100 

629 

- 

497 

- 

114,630 

alh  1967  there  could  be  no  observations  on  survivorship  in  7  of  the  13  plots  due  to  lack  of 
germination. 
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TABLE  27.  Regression  equations  for  net  first-year  survivorship  (from  seeds)  for  saguaro 
seedlings  during  3  consecutive  years  at  Saguaro  National  Monument;  log  percent  survival 
(Y)  on  log  time  in  days  (X)  from  1  July  by  least  squares.  Data  in  Table  26,  graphed  in  Fig. 
36. 


Year  N  Equation 


1965 

8 

log  Y  =  -3.294  log  X  +  8.498 

-0.946 

1966 

20 

log  Y  =  -1.464  log  X  +  6.003 

-0.933 

1967 

17 

log  Y  =  -2.012  log  X  +  6.563 

-0.985 

Pooled 

45 

log  Y=  -6.078  log  X  +  6.244 

-0.939 

importance  of  each  factor  is  time-related.  The  importance  of  a  particu- 
lar factor  lies  in  both  its  temporal  and  spatial  impact  upon  the  existing 
population  and  the  life  expectancy  of  the  survivors.  Furthermore, 
evaluation  of  factor  importance  must  be  concerned  with  the  question  of 
whether  or  not  the  particular  factor  operating  is  density-dependent  and 
age-related. 

The  life  expectancy  of  a  young  saguaro  increases  rapidly  with  age — it 
outgrows  its  predators  and  becomes  increasingly  able  to  survive  the 
periodic  hazards  of  the  abiotic  environment.  However,  in  the  case  of 
recurring  catastrophic  freezes  which  operate  without  regard  to  popula- 
tion density  (density-independent),  survival  is  primarily  dependent  upon 
( 1 )  the  number  of  winter-favorable  sites  available  within  the  habitats, 
and  (2)  the  number  of  such  sites  actually  occupied  by  young  plants.  Re- 
gardless of  their  numbers,  other  exposed  cohorts  in  the  population  will 
die.  Thus,  near  the  cold-limited  boundaries  of  its  range,  the  number  and 
character  of  physical  microhabitats,  as  determined  by  the  plant  commu- 
nity together  with  the  topographic  characteristics  of  the  habitats,  are  the 
factors  that  ultimately  limit  the  survival  and  density  of  young  saguaros. 
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Fig.  36.  Net  first-year  survivorship  (from  seeds)  for  497  saguaro  seedlings  at  Saguaro 
National  Monument.  Survivorship  from  1  July  is  shown  as  seedling  survivors  per  million 
seeds  broadcast  in  representative  natural  habitats  (Table  25);  least  squares  regression  of 
survivors  on  time  in  days. 

Based  on  these  data  obtained  during  3  consecutive  years  from  July  1965  to  June  1968, 
the  estimated  mean  establishment  rate  (i.e.,  survival  to  15  July  of  the  following  summer, 
the  start  of  the  second  year  of  life)  for  saguaros  in  the  Tucson  area  is  51.0  plants  per 
million  seeds  (0.005%).  The  estimated  post-germination  establishment  rate  is  1.26%. 
Regression  equation  in  Table  27,  data  in  Tables  25  and  26. 
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Summary  and  Conclusions 

For  the  saguaro,  the  greatest  hazards  to  survival  are  associated  with 
the  pre-juvenile,  seedling  stage  of  life.  Establishment  is  ordinarily 
reached  at  an  age  of  1 2- 1 4  months. 

The  mean  life  expectancy  of  the  newly  emerged  seedling  is  on  the 
order  of  2-6  weeks.  Less  than  1  %  of  seedlings  survive  the  first  year  of 
life  to  become  established  juvenile  plants. 

The  end  of  the  establishment  period  and  the  beginning  of  the  juvenile 
stage  is  marked  by  the  advent  of  monsoon  rains  of  the  summer  following 
germination.  Rapidly  increasing  in  size  and  root  development  during 
that  second  summer  of  growth,  the  young  plant  attains  a  substantially 
increased  drought  tolerance  and  an  increased  ability  to  survive  insect  at- 
tack. 

The  tiny,  succulent,  weakly  rooted  saguaro  seedling  is  highly  vulnera- 
ble to  destruction  by  a  broad  variety  of  abiotic  and  biotic  agents.  These 
include  freezing,  drought,  rodents,  and  insects.  The  relative  importance 
of  each  factor  varies  with  the  habitat,  the  season,  and  from  year  to  year. 

Our  data  indicate  that  biotic  factors  account  for  the  greatest  number 
of  deaths  of  saguaro  seedlings.  The  observations  indicate  that  this  is 
true  in  southern  parts  of  the  range  (Sonora)  and  in  the  northernmost 
parts  (Arizona).  In  the  Tucson  area  and  elsewhere  along  the  northern 
and  eastern  limits  of  the  plant's  range  in  Arizona  and  Sonora,  it  is  the 
extremes  of  the  climatic  environment  that  ultimately  control  the 
establishment  and  survival  of  young  saguaros. 

Within  the  absolute  distributional  limits  imposed  by  the  macrocli- 
mate,  establishment  and  survival  of  young  saguaros  are  dependent  upon 
the  physical  protection  provided  by  close  association  with  other  vegeta- 
tion, detritus,  and  rocks.  Acting  singly  or  in  combination,  these 
moderate  the  limiting  extremes  of  drought  and  winter  cold  and,  in  addi- 
tion, reduce  the  probability  of  discovery  and  destruction  by  animals. 

The  density  of  young  saguaros  is  limited  by  the  availability  within  the 
community  of  suitable  microhabitats  as  determined  by  the  physical 
characteristics  of  the  vegetation,  soil  type,  and  topography. 

The  probability  of  seedling  survival  increases  with  distance  from 
reproductive  adult  saguaros  and  the  associated  activity  of  foraging 
animals.  In  nonrocky  habitats,  young  saguaros  rarely  occur  in  close  as- 
sociation with  mature  plants;  rocks  offer  physical  protection  that  per- 
mits some  establishment  in  close  proximity  to  mature  saguaros. 

Differential  freeze-caused  seedling  mortality  associated  with  dif- 
ferences in  the  intensity  and  duration  of  subfreezing  temperatures  oc- 
curs in  topographically  different  habitats.  In  Saguaro  National  Monu- 
ment and  elsewhere  in  southeastern  (and  north-central)  Arizona,  sub- 
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freezing  winter  temperatures  are  the  primary  control  on  seedling  sur- 
vival. 

Differential  survival  of  seedlings  occurs  in  rocky  and  nonrocky 
habitats,  and  on  north-  and  south-facing  slopes.  Seedling  establishment 
is  highest  on  south-facing  slopes,  lowest  on  north-facing  slopes,  and  in- 
termediate in  flat  habitats. 

Little  or  no  establishment  of  saguaro  seedlings  occurs  on  north-facing 
slopes.  In  these  habitats,  higher  soil  moisture  levels  that  favor  pre-winter 
seedling  survival  in  relatively  arid  environments  are  offset  by  subsequent 
freeze-caused  winter  mortality. 

The  southern  limits  of  saguaro  distribution  may  be  controlled  by 
summer  climate  in  relation  to  summer  soil  moisture  potentials. 
Seedlings  cannot  become  established  in  poorly  aerated  or  saturated 
soils. 


5 

Growth 


It  is  difficult  to  find  the  very  young  Sahuaros.  They  are  among  the  bushes 
under  the  palo  verde  and  ironwood  trees,  and  all  that  is  to  be  seen  of  them  is  a 
gray  tuft  of  spines.  It  is  often  ten  or  fifteen  years  before  the  seedling  becomes 
large  enough  to  be  noticed,  and  twenty  or  thirty  years  before  it  begins  to  raise 
its  head  above  the  shrubbery  which  has  sheltered  its  infancy.  There  is  no 
direct  way  of  telling  the  age  of  large  cacti,  as  can  be  done  by  counting  the 
growth  rings  of  a  leafy  tree.  The  rate  of  growth  of  the  Sahuaro  is  known,  how- 
ever, beginning  at  almost  nothing  and  increasing  to  about  four  inches  per  year 
in  large  plants.  The  age  of  the  largest  ones  can  thus  be  estimated  at  from  125 
to  175  years.— Forrest  Shreve,  "The  cactus  and  its  home."  193 la:  120. 


Our  primary  concern  in  this  report  is  with  young  saguaros  so  small 
and  inconspicuous  during  the  first  years  of  life  that  they  live  and  die  vir- 
tually unnoticed  in  their  desert  microhabitats.  While  there  have  been 
several  studies  on  saguaro  growth,  they  have  all  quite  naturally  centered 
on  relatively  large,  easy  to  find,  and  easy  to  measure  individuals.  While 
further  contributing  to  such  information,  for  a  decade  we  have  been  stu- 
dying the  seedlings  and  juveniles  in  their  natural  habitats,  and  the  data 
provided  here  on  growth  were  designed  to  fill  in  the  gap  in  the  growth 
curve  for  the  first  critical  years  of  the  saguaro 's  life.  In  addition  to 
analyzing  the  effects  of  environment  and  time  on  saguaro  growth  and 
growth-rate,  the  data  reported  here  also  permit  correct  age  determina- 
tion for  young  saguaros  at  Saguaro  National  Monument. 

Environmental  factors  that  influence  the  germination  and  establish- 
ment of  young  saguaros  discussed  in  earlier  chapters  also  play  important 
roles  in  saguaro  growth.  Short  of  becoming  limiting— i.e.,  short  of  acting 
as  final  limiting  factors  in  the  species  distribution — temperature, 
precipitation,  and  soil  characteristics  are  among  the  important  direct 
and  indirect  environmental  modifiers  of  growth  within  the  species 
range.  Accordingly,  as  discussed  under  Geographic  Variation  in 
Growth,  growth  rates  differ  in  different  saguaro  populations  in  different 
parts  of  its  distribution. 
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The  Start  of  Growth 

In  the  presence  of  continuously  available  moisture  following  germina- 
tion, seedling  development  and  growth  are  rapid  and  continuous.  Within 
24  hr  after  rupture  of  the  seed  coat,  the  slender,  pale  yellow-green 
seedling  emerges  upright.  The  base  swells,  cotyledons  expand  and 
spread  to  a  horizontal  position,  and  the  saguaro  seedling  develops  a 
light-green  color— or  in  strong  light,  a  pale  red  coloration— within  one 
day  following  emergence.  Stem  development,  with  distinct  areoles  and 
spines,  is  evident  within  one  week  after  the  start  of  germination. 

By  the  end  of  the  first  summer  growth  period,  the  green  or  reddish 
green  seedling  has  8,  12,  or  16  areoles  bearing  well-developed  spines. 
The  total  stem  height  is  approximately  5.5  mm  (0.22  inch),  the  diame- 
ter about  4.5  mm  (0.18  inch),  and  the  "taproot"  is  1-2  cm  (0.4-0.8 
inch)  in  length.  First-year  stem  height  is  ordinarily  1-2  mm  (0.04-0.08 
inch)  greater  in  seedlings  in  flatland  soils  not  associated  with  rock  out- 
cropping. 

The  principal  growth  occurs  during  June,  July,  August,  and  Sep- 
tember, the  period  of  warm  summer  rains,  and  ceases  shortly  after  the 
end  of  those  rains.  Water  uptake— replacement  of  moisture  lost  during 
the  arid  fall  months— but  no  growth  accompanies  early  winter  rainfall 
and  lower  temperatures  during  late  November,  December,  and  January. 

In  years  when  late  winter  rains  provide  adequate  soil  moisture  and 
warm  temperatures  prevail,  a  secondary  and  minor  period  of  apical 
growth  occurs  as  early  as  February  and  March. 

In  the  presence  of  adequate  moisture,  some  apical  stem  growth  of 
seedlings  (and  larger  saguaros  as  well)  occurs  during  the  arid  fore- 
summer  period.  On  seedlings  this  is  evidenced  by  the  growth  of  new, 
greenish-colored  apical  spines  and  on  older  juvenile  plants,  by  the 
lengthening  and  red  coloration  of  apical  spines.  However,  because  there 
is  water  stress  and  stem  shrinkage  during  this  driest  portion  of  the  year, 
an  actual  decrease  in  stem  height  and  diameter  of  saguaros  of  all  sizes 
can  and  usually  does  occur. 

April,  May,  and  June  are  the  pre-summer  drought  months  of  increas- 
ingly severe  moisture  stress,  with  increasingly  warmer  temperatures  and 
scanty  if  any  rainfall;  May  and  June  are  especially  hot.  During  that 
period,  seedlings  commonly  shrink  to  half  their  original  volume,  and  ex- 
posed small  and  weak  individuals  die. 

The  second  year  of  life,  the  post-seedling  juvenile  stage,  begins 
abruptly  with  the  first  significant  summer  rain  (0.20  inch;  5.1  mm  or 
more)  ordinarily  in  early  July  in  southern  Arizona  and  in  late  June  in 
southern  Sonora.  Observable  water  uptake  can  occur  within  20  hr  after 
the  wetting  of  the  soil.  With  adequate  moisture,  full  turgor  is  quickly  at- 
tained and  new  apical  growth  is  evident  within  8  days. 
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Growth  and  Growth  Rates  of  Young  Saguaros  at 
Saguaro  National  Monument,  Arizona 

There  have  been  no  quantitative  data  available  for  natural  saguaro 
growth  during  the  seedling  stage— the  first  year  of  life— and  directly  fol- 
lowing early  juvenile  years.  During  these  first  critical  years,  saguaros  are 
nearly  invisible  on  the  surface  of  the  desert.  Discovery  requires  work  on 
hands  and  knees  on  the  desert  floor.  As  most  one-year  old  saguaros  are 
barely  5-6  mm  (ca  0.25  inch)  tall,  and  a  large  part  of  the  tiny  globular 
"stem"  is  underground,  about  all  that  the  observant  searcher  can  see  is 
a  small,  concealing  tuft  of  tan-colored  spines. 

After  intensive  searching,  tiny  saguaro  seedlings  and  juveniles  were 
discovered  in  the  winter  of  1965  in  natural  habitats  under  paloverde, 
mesquite,  and  bursage  nurse-plants  at  Saguaro  National  Monument  (see 
Chap.  6).  The  fate  of  these  and  other  seedlings  and  young  juvenile 
saguaros  is  reported  by  Steenbergh  and  Lowe  (1969). 

Naturally  growing  young  saguaros  at  Saguaro  National  Monument 
(east)  were  measured  to  obtain  data  on  stem  form  and  growth  rate 
characteristics  for  that  population.  Heights  and  diameters  of  individual, 
naturally  established  seedlings  and  young  juvenile  saguaros  of  known 
age  (6-66  months)  were  measured  in  the  field,  the  plants  then  removed 
and  remeasured  in  the  laboratory  with  precision  calipers. 

Data  on  the  natural  growth  of  larger  juvenile  plants  were  determined 
by  yearly  field  measurements  on  a  representative  sample  of  the  young 
saguaros  at  Saguaro  National  Monument  (east)  using  permanent 
benchmarks  and  a  specially  designed  gauge  for  stem  height  (Fig.  37) 
and  machinist's  calipers  for  diameter.  The  height  and  diameter  of  each 
individual  was  measured  at  one-year  intervals.  The  difference  between 
these  consecutive  annual  measurements  provides  a  series  of  one-year 
growth  increments.  These  data  provide  a  basis  for  estimating  height, 
growth  rate,  and  age  relationships  for  young  saguaros  in  this  environ- 
ment (Table  28;  Figs.  39-41 ). 
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Fig.  37A.  Height  gauge  used  to  measure  apical  growth  of  juvenile  saguaios.  Two 
aluminum  legs  that  support  the  horizontal  cross-bar  rest  on  paired  permanent  bench- 
marks-steel rods  set  in  concrete  in  the  ground.  The  center  measuring-rod  rests  on  the  stem 
tip  of  the  young  plant.  The  portion  of  the  measuring-rod  that  projects  above  the 
horizontal  crossbar  is  measured  with  a  millimeter  rule  (measurement  accuracy  ±  1  mm). 
Apical  growth  increment  (week,  month,  year)  is  obtained  by  subtracting  the  previous 
measurement;  center  measuring-rod  is  placed  in  the  same  relative  position  on  the  stem  tip 
for  successive  growth  measurements.  Using  longer  legs  to  support  the  cross-bar,  the  same 
method  is  used  to  measure  young  plants  1-2  m  (3.6-6.6  ft)  tall.  Photographed  21  May 
1972. 
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Fig.  37B.  Height  gauge  used  to  measure  apical  growth  of  adult  saguaros.  Horizontal 
cross-bar  rests  on  the  tip  of  the  plant.  A  steel  measuring  tape  attached  to  the  telescoping 
pole  (vertically  oriented  with  a  spirit  level)  is  used  to  measure  the  distance  from  the 
horizontal  cross-bar  to  a  permanent  steel  benchmark  at  the  base  of  the  saguaro.  A 
meter-stick  resting  on  the  benchmark  allows  eye-level  reading  to  the  nearest  whole 
millimeter.  The  apical  growth  increment  is  obtained  by  subtracting  the  previous 
measurement.  Photographed  10  March  1974. 
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Fig.  38 A.  Year-to-year  variation  in  length  of  saguaro  spines,  visible  in  the  photographs  as 
distinctive  bands  encircling  the  plant  stem,  reflects  climatically  related  variations  in 
summer  growth.  Shorter  spines  are  associated  with  periods  of  depressed  growth  that  result 
from  freeze-caused  injury,  unusually  dry  summers,  or  other  causes. 

Note  the  change  in  form  from  the  club  shape  of  juvenile  saguaros  in  the  foreground  to 
the  bottle  ("wine  bottle")  form  of  larger  saguaros  in  the  background  (see  text). 
Photographed  15  April  1971. 
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Fig.  38B.  Saguaros  in  a  permanent  plot  established  in  1941  at  Alamo  Canyon,  Organ  Pipe 
Cactus  National  Monument,  Arizona.  Height  of  each  individual,  originally  measured  in 
1941,  was  re-measured  in  1967  thereby  obtaining  a  26-year  apical  growth  increment  (see 
Table  34).  Accurate  measurement  is  facilitated  by  permanent  steel-in-concrete  benchmark 
at  the  base  of  each  plant.  Photographed  11  February  1972. 
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Fig.  39.  Regression  on  semi-logarithmic  coordinates  of  stem  height  on  age  of  young 
saguaros  (N  =  30)  for  the  first  5  years  following  germination  in  nonrocky  habitats  at 
Saguaro  National  Monument  (east),  near  Tucson,  Arizona.  In  this  equation  6  months  =  1 
growth  year,  18  months  =  2  growth  years,  etc.  See  text. 
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The  stem  growth  of  young  saguaros  increases  exponentially 
("geometrically")  with  age  and  size.  Yearly  apical  growth  of  young 
saguaros  at  Saguaro  National  Monument  (east)  is  graphed  in  Fig.  40. 
The  regression  of  one-year  growth  increments  on  stem  height  for  62 
naturally  growing  seedlings  and  juvenile  saguaros  (Fig.  40)  is  described 
by  equation  (2)  below. 

The  regression  of  yearly  apical  growth  for  wild  saguaros  during  the 
first  growth-year  of  life  (seedling)  and  subsequent  juvenile  growth- 
years— for  the  first  6  years  of  life  in  flat  and  rolling-hill  (nonrocky) 
habitats  at  Saguaro  National  Monument  (east)— is  described  by 

log  K=  0.741  +  0.012  X  (1) 

where  Y  is  stem  height  in  millimeters  and  X  is  age  in  months,1  for  the 
germinating  Class  of  1963  to  and  including  the  Class  of  1968.  The  as- 
sociated product-moment  correlation  coefficient  (r)  is  +0.936,  N  =  30. 
The  years  involved  are  free  of  the  catastrophic-kill  winter  freezes  as 
recently  experienced  in  January  1962  and  January  1971  in  southeastern 
Arizona  (see  Niering  et  al.  1963;  Steenbergh  and  Lowe  1976). 

For  the  seedling  year  (Class  of  1968)  of  this  6-year  series,  the  mea- 
sured mean  stem  height  of  the  seedlings  is  6.0  mm  ±  0.37  (4.8-7.6),  N  = 
8.  Using  equation  ( 1 ),  the  least  squares  calculated  first-year  stem  height 
(Y)  is  6.5  (6.486)  mm  (7V=  30),  i.e.,  based  on  the  growth  data  for  all  of 
the  6  successive  years  of  saguaro  classes  ( 1963-68)  in  the  study. 

Accordingly,  this  derived  best  estimate  for  saguaro  stem  height  at- 
tained during  the  first  year  of  life  at  this  specific  locality  is  0.6486  cm 
(0.26  inch).  As  it  is  the  only  natural  first-year  growth  data  in  existence 
for  the  saguaro  (or  any  other  species  of  cactus),  it  might  be  assumed 
that  it  is  applicable  to  saguaros  elsewhere.  We  caution  that  that  assump- 
tion is  valid  only  in  a  highly  restricted  sense,  for  saguaro  growth  can  and 
does  vary  significantly  and  widely  from  population  to  population  in  dif- 
ferent environments,  as  well  as  from  individual  to  individual  in  the  same 
immediate  environment.  Compare,  for  example,  the  data  in  Tables  28- 
38. 


*In  this  equation,  6  months  =  1  growth-year,  18  months  =  2  growth-years,  etc. 
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Age  and  Height 

The  value  for  first-year  stem  height  obtained  by  equation  ( 1 )  (0.6486 
cm;  0.26  inch)  provides  a  basis  for  conversion  of  height  to  age  for  the 
population  studied  at  Saguaro  National  Monument  (east)  in  the  saguaro 
habitats  on  flat  and  moderately  rolling,  nonrocky  surface  terrain.  As 
noted  above  and  described  below,  in  this  population  the  age  of  a  very 
young  saguaro  of  a  given  height  can  be  determined  (i.e.,  estimated) 
using  the  log  of  0.6486  for  log  X  in  equation  (2). 

The  saguaro  growth  curve  for  young  saguaros— saguaros  < 2.2  m  (7.2 
ft)  height— illustrated  in  Fig.  40  is  described  by 

log  Y=  -0.297  +  0.991  log  X-  0.175  (log  X)2  (2) 

where  Y  is  a  one-year  apical  growth  increment  (cm)  and  X  is  the  stem 
height  (cm)  for  the  given  plant  at  the  start  of  the  growth-year;  the  as- 
sociated correlation  coefficient  (r)  is  highly  significant  (r  =  +0.978,P 
<0.001,  N  —  62).  As  before,  the  data  are  for  saguaros  growing  in  flat- 
land  habitats  at  Saguaro  National  Monument  (east)  where  plant-availa- 
ble soil  moisture  is  relatively  higher  and  the  growth  rate  for  most  in- 
dividuals is  relatively  faster  than  that  for  saguaros  on  rock  outcrops  and 
on  rocky  slopes  with  rock  surfaces  at  Saguaro  National  Monument 
(east). 

Table  28  provides  age  data  for  young  saguaros  (<2.2  m;  7.2  ft)  at 
Saguaro  National  Monument  (east)  as  graphed  in  Fig.  41.  The  semi- 
logarithmic  plot  of  height  and  age  (Fig.  41 )  is  described  by 

log  Y  =  -0.309  +  0.884 log*  +  0.609 (\ogX)i  (3) 

where  Y  is  stem  height  in  centimeters  and  X  is  age  in  years;  r  =  0.997,  P 
<  0.001.  The  estimated  Y  (Y)  values  plotted  in  Fig.  41  were  generated 
by  using  equation  (2)  and  the  on-site  mean  growth  during  the  first  year  of 
life  as  determined  by  equation  (1);  as  explained  above,  the  calculated 
subsequent  one-year  apical  growth  increment  for  a  one-year-old  plant 
was  added  to  the  first-year  height  to  obtain  second-year  stem  height 
and,  using  the  same  stepwise  procedure,  stem  height  was  calculated  for 
each  consecutive  year. 

Saguaros  at  approximately  2  m  (6.6  ft)  stem  height  undergo  a  marked 
change  in  growth  form.  The  change  in  form  is  associated  with  a  decline 
in  growth  rate  and  with  changes  in  functions  associated  with  the  onset 
of  reproduction  (see  Table  29;  Figs.  15,  16,  38,  40,  43,  44). 

Two  events  occur  at  that  stage  of  saguaro  development:  ( 1 )  the  plant 
produces  its  first  blooms  and  fruits;  and  (2)  a  transition  from  the  "club" 
form  of  the  large  juvenile  plant  to  the  "wine-bottle"  form  of  the  un- 
branched  young  adult  as  the  maximum  diameter  ceases  to  follow  the  up- 
ward growth  of  the  tip  (Fig.  38 A). 
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Fig.  41.  Regression  on  semi-logarithmic  coordinates  of  stem  height  on  age  for  healthy 
young  saguaros  in  flat  (nonrocky)  habitat  at  Saguaro  National  Monument  (east).  Data  in 
Table  28;  see  text. 
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TABLE  28.  Stem  height-age  relationship  and  subsequent  one 
year  apical  growth  of  healthy  young  saguaros  in  flat  (non- 
rocky)  habitat  at  Saguaro  National  Monument  (east).  Graphed 
in  Fig.  41. 


Age 

Apical  growth 
(cm/yr) 

Height 

(yrs) 

(cm) 

(inches) 

1 

0.32 

0.65 

0.26 

2 

0.49 

0.97 

0.38 

3 

0.73 

1.46 

0.58 

4 

1.07 

2.19 

0.86 

5 

1.43 

3.26 

1.27 

6 

1.94 

4.69 

1.85 

7 

2.51 

6.63 

2.61 

8 

3.11 

9.14 

3.60 

9 

3.75 

12.25 

4.82 

10 

4.38 

16.00 

6.30 

11 

5.01 

20.38 

8.02 

12 

5.61 

25.39 

10.00 

13 

6.18 

31.00 

12.20 

14 

6.72 

37.18 

14.64 

15 

7.20 

43.90 

17.28 

16 

7.66 

51.10 

20.11 

17 

8.09 

58.76 

23.13 

18 

8.46 

66.85 

26.31 

19 

8.82 

75.31 

29.64 

20 

9.14 

84.13 

33.11 

21 

9.44 

93.27 

36.71 

22 

9.71 

102.71 

40.43 
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TABLE  28. -(Continued) 


Age 

Apical  growth 
(cm/yr) 

Height 

(yrs) 

(cm) 

(inches) 

23 

9.96 

112.42 

44.25 

24 

10.18 

122.38 

48.17 

25 

10.40 

132.56 

52.18 

26 

10.58 

142.96 

56.27 

27 

10.76 

153.54 

60.43 

28 

10.92 

164.30 

64.67 

29 

11.07 

175.22 

68.97 

30 

11.20 

186.29 

73.32 

31 

11.33 

197.49 

77.73 

32 

11.45 

208.82 

82.21 

33 

11.55 

220.27 

86.72 

As  discussed  earlier  and  illustrated  in  Chapter  2,  some  saguaros  in 
southern  Arizona  and  northern  Sonora  may  start  their  reproductive  life 
when  only  approximately  1.5  m  (4.9  ft)  in  stem  height.  Ordinarily,  50% 
or  more  of  the  population  in  height-class  2.00-2.49  m  (6.6-8.2  ft) 
flowers  and  produces  seed  during  most  years  (Fig.  16).  The  tabular  age 
of  a  young  1.5-m  (4.9  ft)  saguaro  is  27  years,  and  the  age  range  is  ap- 
proximately 31-36  years  for  height-class  2.00-2.49  m  (6.6-8.2  ft).  Our 
data  thus  estimate  age  of  the  200  cm  (6.6  ft)  young  saguaro  at  3 1  years, 
and  the  2.2  m  (7.2  ft)  mean  stem  height  at  33  years  age  at  Saguaro  Na- 
tional Monument  (east;  flats  and  rolling  terrain);  see  Table  28. 

The  data  provided  here  together  with  our  other  field  observations 
suggest  that  earlier  changes  in  the  apical  growth  rate  of  the  young 
saguaro  also  are  coincident  with  major  changes  in  form.  The  data  on  the 
apical  growth  of  young  saguaros  as  graphed  in  Fig.  40  suggest  that  a 
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reduction  in  apical  growth  rate  may  accompany  the  transition  from  the 
globose  juvenile  form  to  the  "club"  form  of  the  large  juvenile  that  oc- 
curs in  the  vicinity  of  5-10  cm  (2-4  inch)  above-ground  stem  height.  We 
anticipate  answering  this  question  in  further  investigations  on  growth 
rates  and  form  changes  in  relation  to  saguaro  survival  and  climatic 
adaptation. 

Effects  of  Flower  Bud  Removal  on  Stem  Growth 

When  a  healthy  saguaro  initiates  its  first  reproductive  year  of  life, 
abruptly  moving  into  adulthood  after  some  30  or  more  years  of  life  in 
which  it  attains  a  growth  up  to  or  over  approximately  2  m  (6.6  ft.)  in 
height,  the  energy  shunted  into  the  production  of  reproductive  struc- 
tures themselves  (buds,  flowers,  fruits,  and  seeds)  is  energy  directed 
away  from  apical  stem  growth.  To  test  both  the  prediction  and  the  cost 
of  reproductive  effort  in  terms  of  stem-growth  increment  reduction,  an 
experimental  design  was  structured  to  compare  quantitatively  apical 
growth  differences  between  samples  of  treated  and  untreated  stems  of 
vigorous  healthy  saguaros. 

The  results  for  carefully  paired  experimental  and  control  plants  in  the 
same  stand  are  given  in  Table  29.  Untreated  (control)  plants  were  al- 
lowed to  complete  normal  development  of  reproductive  growth.  All 
flower  buds  started  by  experimental  plants  were  removed  each  week 
beginning  20  April  1970.  A  small  energy  increment  was  required  for  the 
plant  to  initiate  the  buds  that  were  removed,  thus  providing  a  slight  un- 
derestimate in  the  "per  cent  growth  change"  column  (Table  29).  The 
data  reveal  not  only  that  the  prediction  is  true  but  also  the  rather  dra- 
matic disclosure  that  approximately  50%  of  the  4-5  m  (13-16  ft) 
saguaro 's  potential  stem  growth  for  a  given  year  is  diverted  into  its 
yearly  reproductive  effort. 

Freezing  Effects  on  Growth 

Freeze-caused  injury  depresses  the  subsequent  rate  of  saguaro 
growth.  Desiccation  and  volume  shrinkage  resulting  from  freeze-caused 
injury  are  expressed  by  decreases  in  stem  heights  and  diameters  (see 
Steenbergh  and  Lowe  1976).  The  effects  of  the  January  1971  freeze  on 
the  height  and  apical  stem  growth  of  young  saguaros  at  Saguaro  Na- 
tional Monument  (east)  are  shown  in  Tables  30,  31,  and  Fig.  42. 

The  desiccating  effect  of  freezing  is  greatest  on  smaller  juvenile  plants 
and  is  evident  in  the  stem  measurements  recorded  in  early  April  1971,  3 
months  after  the  freeze.  At  that  time,  the  maximum  diameter  of  all  of 
14  plants  over  9  cm  (3.5  inches)  in  height  showed  a  diameter  decrease 
(rather  than  increase)  from  the  size  recorded  one  year  earlier.  Only  9  of 
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TABLE  30.  Effect  of  freezing  on  growth.  Total  stem  height  (cm)  and  one-year  height 
growth  increment  (cm)  for  young  saguaros  (N  =  1 7)  in  flat  (nonrocky)  habitats  at  Saguaro 
National  Monument  (east),  1969-73.  Data  graphed  in  Fig.  42. 


Stem  height  and  annual  increase 

(cm) 

No. 

1969-70 

1970-71 

1971-72 

1972-73 

ht 

incr. 

ht 

incr. 

ht 

incr. 

ht 

incr. 

1 

2.7 

0.4 

3.1 

0.3 

3.4 

1.6 

5.0 

3.4 

2 

3.1 

1.5 

4.6 

1.2 

5.8 

3.1 

8.9 

3.6 

3 

4.5 

1.3 

5.8 

0.7 

6.5 

2.5 

9.0 

3.2 

4 

4.9 

2.1 

7.0 

2.1 

9.1 

4.0 

13.1 

4.9 

5 

6.4 

2.7 

9.1 

2.0 

11.1 

3.0 

14.1 

3.7 

6 

10.8 

3.9 

14.7 

3.0 

17.7 

4.8 

22.5 

6.5 

7 

18.1 

2.7 

20.8 

3.6 

24.4 

3.9 

28.3 

3.8 

8 

18.2 

2.1 

20.3 

3.9 

24.2 

3.9 

28.1 

5.8 

9 

20.4 

3.5 

23.9 

3.3 

27.2 

4.5 

31.7 

6.0 

10 

22.3 

3.2 

25.5 

5.0 

30.5 

4.0 

34.5 

5.7 

11 

25.5 

4.0 

29.5 

4.1 

33.6 

3.5 

37.1 

5.8 

12 

32.0 

3.6 

35.6 

4.9 

40.5 

5.0 

45.5 

6.7 

13 

38.9 

5.0 

43.9 

4.9 

48.8 

4.9 

53.7 

6.1 

14 

60.5 

3.3 

63.8 

5.9 

69.7 

6.0 

75.7 

9.6 

15 

62.9 

9.6 

72.5 

9.0 

81.5 

8.2 

89.7 

10.2 

16 

71.6 

10.7 

82.3 

12.0 

94.3 

9.5 

103.8 

8.0 

17 

94.5 

12.3 

106.8 

13.9 

120.7 

11.2 

131.9 

13.0 
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TABLE  31.  Regression  equations  for  1-year  apical  growth  (cm)  on  stem  height  (cm)  for 
young  saguaros  (TV  =  17)  at  Saguaro  National  Monument  (east).  Data  in  Table  30,  graphed 
in  Fig.  42. 

N  Year  Regression  equation  r 

INDIVIDUAL  YEARS 

1969-70  log  Y  =  -0.2894  +  0.6340  log  X  +  0.8676 

1970-71  log  Y  =  -0.6453  +  0.8762  log*  +  0.9488 

1971-72  logy=    0.0559  +  0.4219  log  X  +0.9110 

1972-73  logr=    0.1753  +  0.3964  log  X  +0.9080 

2  YEAR  GEOMETRIC  MEANS 

5  17  1969-70,  logy  =  -0.0988  +  0.5358  log  AT  +0.9321 

1972-73 

6  17  1970-71  logy  =  -0.3079  +  0.6533  log  X  +0.9536 

1971-72 


1 

17 

2 

17 

3 

17 

4 

17 
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Fig.  42.  Effect  of  freezing  on  apical  growth  of  17  young  saguaros  at  Saguaro  National 
Monument  (east).  Regression  on  logarithmic  coordinates  of  apical  growth  on  stem  height. 
(A)  Growth  during  4  consecutive  years,  January  1969  to  March  1973.  (B)  Geometric  mean 
of  2  years  apical  growth  on  stem  height  showing  normal  growth  (1969-70,  1972-73)  and 
combined  freeze-effect  (1970-71,  1971-72)  of  Jaunary  1971  freeze  (see  text;  Steenbergh 
and  Lowe  1976).  Data  in  Table  30,  regression  equations  in  Table  31. 
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the  17  plants,  all  more  than  11.2  cm  (4.4  inches)  in  height,  showed  a 
height  increase  greater  than  that  for  the  previous  year— the  actual 
height  growth  during  1971  was  partially  offset  and  completely  obscured 
in  these  measurements  by  shrinkage  resulting  from  freeze-caused  desic- 
cation. 

Subnormal  growth  following  the  1971  freeze-caused  injury  is  shown 
in  part  by  the  1972  data.  Even  these  low  growth  rates,  however,  are 
deceptively  high,  for  a  large  portion  of  the  indicated  "apical  growth" 
from  April  1971  to  April  1972  is,  in  fact,  not  growth  at  all  but 
represents  the  recovery  of  freeze-caused  volume  loss.  Thus,  the  effect  of 
freezing  on  apical  stem  growth  is  expressed  in  the  sum  and  the  mean  of 
the  increments  for  the  2  years  from  1970  to  1972  as  shown  in  Fig.  42 
and  Tables  29,  30. 


Geographic  Variation  in  Growth 

The  rate  of  growth  can  vary  significantly  and  even  widely  between 
saguaro  populations  separated  by  relatively  short  distances,  especially 
where  elevation,  topography,  and/or  soil  structure  also  vary  greatly  over 
short  distances.  For  example,  several  different  effective  environments 
characterize  different  desert  areas  and  habitats  within  Saguaro  National 
Monument,  and  between  the  east  and  west  divisions  of  the  monument 
(Table  32). 

Still  greater  differences  in  growth  rate  can  be  predicted  for  popula- 
tions separated  by  greater  distances  and  growing  under  more  widely 
distinctive  effective  environments,  for  example,  as  indicated  by  the  cli- 
matic data  for  Tucson,  Ajo,  and  Yuma,  Arizona  (Table  33).  We  predict 
large  order  growth-rate  differences  between  Tucson  populations  and 
populations  in  the  Yuma  desert  (Gran  Desierto)  area.  There  the 
saguaros  on  bajadas  and  valley  fill  are  essentially  a  desert  riparian  spe- 
cies population  with  low  marginal  density  under  3.38  inches  (86  mm) 
annual  rainfall  and  1.57  inches  (40  mm)  summer  (May-October)  rain- 
fall (Green  and  Sellers  1964:493,  Yuma;  Fig.  9B). 


Organ  Pipe  Cactus  National  Monument 

Measurement  of  saguaro  growth  over  a  period  of  26  years  in  popula- 
tions at  Organ  Pipe  Cactus  National  Monument  provides  an  important 
sample  for  the  study  of  the  species  that  is  summarized  in  Table  34  and 
graphed  in  Figs.  43  and  44.  The  curve  in  Fig.  44  is  fitted  by  multiple 
linear  regression  as  in  the  case  for  the  Saguaro  National  Monument  data 
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TABLE  34.  Saguaro  stem  height  and  apical  growth  (cm)  at  Organ  Pipe  Cactus  National 
Monument,  Arizona.  Plant  height  in  1941  (Lightle  1941)  and  height  of  the  same  plants  in 
1967  provide  a  26-yr  apical  growth  increment.  Data  graphed  in  Figs.  43  and  44. 


No. 

Height 
(1941) 

Height 
(1967) 

26-yr  growth 
increment 

ALAMO  CANYON 

1 

15.2 

48.2 

33.0 

2 

15.2 

81.3 

66.1 

3 

25.4 

114.3 

88.9 

4 

30.5 

132.1 

101.6 

5 

30.5 

157.5 

127.0 

6 

30.5 

165.1 

134.6 

7 

30.5 

129.5 

99.1 

8 

30.5 

101.6 

71.1 

9 

30.5 

144.8 

114.3 

10 

30.5 

172.7 

142.2 

11 

30.5 

210.6 

180.1 

12 

30.5 

157.5 

127.0 

13 

30.5 

104.1 

73.6 

14 

30.5 

127.0 

96.5 

15 

30.5 

116.8 

86.3 

16 

30.5 

162.5 

132.0 

17 

30.5 

165.1 

134.6 

18 

43.2 

302.0 

258.8 

19 

45.7 

312.4 

266.7 

20 

45.7 

213.4 

167.6 

21 

45.7 

109.2 

63.5 

22 

45.7 

142.3 

96.5 

! 
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TABLE  34.  ^(Continued) 


No. 

Height 
(1941) 

Height 
(1967) 

26-yr  growth 
increment 

23 

45.7 

119.1 

73.6 

24 

45.7 

259.1 

213.4 

25 

45.7 

287.0 

241.3 

26 

61.0 

223.5 

162.5 

27 

61.0 

203.2 

142.3 

28 

61.0 

172.7 

111.8 

29 

61.0 

182.9 

121.9 

30 

79.2 

254.0 

177.8 

31 

91.4 

345.4 

254.0 

32 

106.7 

309.9 

203.2 

33 

106.7 

416.6 

309.9 

34 

182.0 

510.5 

358.0 

35 

195.6 

528.3 

332.5 

36 

243.8 

538.5 

294.7 

37 

335.3 

538.5 

203.2 

38 

365.8 

711.2 

345.4 

39 

366.0 

718.7 

353.0 

40 

426.7 

853.4 

426.7 

41 

487.7 

670.6 

182.9 

42 

548.6 

716.3 

167.7 

43 

579.1 

797.6 
DOW  LING  WELL 

188.0 

44 

30.5 

101.6 

71.1 

45 

30.5 

78.7 

48.2 
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TABLE  34. -(Continued) 


No. 

Height 
(1941) 

Height 
(1967) 

26-yr  growth 
increment 

46 

30.5 

134.6 

104.1 

47 

30.5 

101.6 

71.1 

48 

45.7 

106.7 

61.0 

49 

61.0 

182.8 

121.8 

50 

61.0 

160.0 

99.0 

51 

121.9 

248.9 

127.0 

52 

182.9 

340.4 

157.5 

53 

182.9 

388.6 

205.7 

54 

182.9 

348.0 

165.1 

55 

182.9 

335.3 

152.4 

56 

195.6 

373.4 

177.8 

57 

213.4 

373.4 

160.0 

58 

213.4 

462.3 

248.9 

59 

213.4 

378.4 

165.0 

60 

213.4 

408.9 

195.5 

61 

213.4 

388.6 

175.2 

62 

213.4 

388.6 

175.2 

63 

274.3 

439.4 

165.1 

64 

274.3 

469.9 

195.6 

65 

304.8 

421.6 

116.8 

66 

365.8 

513.1 

147.3 

67 

365.8 

586.7 

220.9 

68 

365.8 

551.2 

185.4 

69 

365.8 

538.5 

172.7                 I 
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TABLE  34.-(Continued) 


No. 

Height 
(1941) 

Height 
(1967) 

26-yr  growth 
increment 

70 

365.8 

518.1 

152.3 

71 

396.2 

556.3 

160.1 

72 

426.7 

609.6 

182.9 

73 

426.7 

563.9 

137.2 

74 

426.7 

589.3 

162.6 

75 

487.7 

777.2 

289.5 

76 

487.7 

647.7 

160.0 

77 

487.7 

579.1 

91.4 

78 

518.2 

640.1 

121.9 

79 

548.6 

624.8 

76.2 

80 

548.6 

685.8 

137.2 

81 

609.6 

868.7 

259.1 

82 

609.6 

853.4 

243.8 

83 

609.6 

680.7 

71.1 

84 

670.6 

823.0 

152.4 

85 

731.5 

934.7 

203.2 

86 

731.5 

787.4 

55.9 

87 

792.5 

861.1 

68.6 

88 

792.5 

990.6 

198.1 

89 

853.4 

1000.7 

147.3 

90 

853.4 

1117.6 

264.2 

91 

853.4 

1046.5 

193.1 

92 

853.4 

929.6 

76.2 

93 

975.4 

1051.6 

76.2 
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(Fig.  40).  As  at  Saguaro  National  Monument  and  elsewhere,  the  asymp- 
tote of  the  growth  curve  for  Organ  Pipe  Cactus  National  Monument  is 
at  approximately  2  m  (6.6  ft)  stem  height  (Fig.  44).  As  noted  above,  im- 
portant changes  in  form  and  function — and  important  con- 
sequences—take place  in  the  saguaro  in  southern  Arizona  when  the 
plant  reaches  a  stem  height  on  the  order  of  2  m  (6.6  ft). 

The  data  on  apical  growth  of  saguaros  at  Organ  Pipe  Cactus  National 
Monument,2  shown  in  Table  34  and  graphed  in  Fig.  44,  provide,  for  the 
first  time,  a  basis  for  estimating  mean  growth  rates  and  age-height  rela- 
tionships of  saguaro  populations  whose  growth  rates  are  not  under  the 
dominant  depressing  influence  of  catastrophic  freezing.  Growth  rates 
for  this  population,  situated  close  to  the  ecological  and  geographic 
center  of  the  species  range,  differ  markedly  from  those  for  saguaro 
populations  at  Saguaro  National  Monument  and  elsewhere  near  the 
cold-limited  boundaries  of  the  species  range. 

A  comparative  view  of  a  significant  difference  in  growth  rate  between 
two  saguaro  populations  in  southern  Arizona — at  Saguaro  National 
Monument  (east)  in  southeastern  Arizona  and  Organ  Pipe  Cactus  Na- 
tional Monument  in  south-central  Arizona — is  provided  in  Fig.  45.  The 
differences  in  growth-rate  characteristics  for  these  two  populations,  as 
shown  in  Fig.  45,  are  attributable  to  differences  in  temperature  and 
precipitation.  Gross  differences  in  parameters  of  the  climate  at  Tucson 
and  Ajo  (Table  33)  relate  importantly  to  observed  differences  in 
saguaro  growth  rates  and  to  height-age  relationships  for  saguaros  in 
these  two  different  climatic  environments. 

As  compared  to  the  climatic  environment  of  Saguaro  National  Monu- 
ment and  the  Tucson  locality,  the  climatic  environment  of  Organ  Pipe 
Cactus  National  Monument  and  Ajo  locality  is  a  much  warmer  and  drier 
one  that  results  in  the  slower  growth  of  juvenile  saguaros.  In  its  overall 
effects  on  the  growth  of  larger  plants,  however,  the  warmer  environment 
at  Organ  Pipe  Cactus  National  Monument  offers  conditions  for  saguaro 
growth  more  favorable  than  those  at  Saguaro  National  Monument  (see 
Hastings  and  Alcorn  1961).  There,  the  effects  of  catastrophic  freezing 
offset  the  potentially  greater  benefits  of  substantially  higher  plant- 
available  moisture  and  lower  transpiration  losses. 

Tempe,  Arizona 

Investigation  of  saguaro  growth  in  a  natural  population  of  saguaros  in 
the  Phoenix,  Arizona,  area  was  conducted  by  Marshall  and  Earle 
(Marshall  1955)  on  South  Hill  in  the  Desert  Botanical  Garden,  Tempe. 

2Lightle  ( 1941 )  field  data  and  re-measured  in  1967  to  obtain  a  26-year  apical 
growth  increment. 
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Fig.  43.  Apical  growth  on  stem  height  (1941)  of  93  saguaros  at  Organ  Pipe  Cactus 
National  Monument,  Arizona,  on  uniform  (arithmetic)  scale.  Note  the  reversal  in  the  rate 
of  growth  that  occurs  at  approximately  200  cm  (6.6  ft)  height.  Data  in  Table  34. 
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Fig.  44.  Regression  on  logarithmic  coordinates  of  26-year  apical  growth  on  1941  stem 
height  (Lightle  1941)  for  93  saguaros  at  Organ  Pipe  Cactus  National  Monument,  Arizona. 
Note  asymptote  of  curve  at  approximately  2  m  (6.6  ft);  see  text.  Data  in  Table  34. 
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Fig.  45.  Regression  on  logarithmic  coordinates  of  26-year  apical  growth  on  height  for 
young  saguaros  at  Saguaro  National  Monument  (east)  and  Organ  Pipe  Cactus  National 
Monument  (see  Tables  28,  33,  and  34  and  Figs.  38,  39, 42,  and  43).  See  discussion  in  text. 


Their  data  for  6  years  (1949-54)  are  given  in  Table  35.  The  data  appear 
to  be  in  general  accord  with  our  observations  and  those  reported  by 
others  on  growth  rates  for  young  saguaros  in  this  portion  of  the  extreme 
range  of  the  species. 
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TABLE  35.  Height  measurements  (cm)  and  subsequent  one-year  apical  growth  increments 
(cm)  for  14  young  saguaros  at  Tempe,  Arizona  from  annual  measurements  by  W.  Hubert 
Earle,  reported  by  Marshall  (1955:57).  Original  data  in  inches. 


Original 

One-yr  apical  growth  (cm) 

No. 

height 

(cm) 

1949 

1950 

1951 

1952 

1953 

1954 

Mean 

1 

5.4 

1.6 

1.3 

1.9 

1.3 

3.8 

0.6 

1.8 

2 

14.0 

3.2 

0.6 

3.8 

1.3 

1.3 

0.6 

1.8 

3 

22.2 

6.4 

1.9 

6.4 

5.1 

3.8 

5.1 

4.8 

4 

28.6 

5.1 

0.6 

8.3 

5.7 

3.8 

3.2 

4.4 

5 

56.5 

10.2 

3.2 

14.0 

10.8 

7.6 

12.7 

9.8 

6 

61.3 

3.8 

1.3 

7.0 

5.7 

5.1 

7.0 

5.0 

7 

64.4 

6.0 

2.5 

7.6 

0.6 

11.4 

9.5 

6.3 

8 

85.1 

15.2 

2.5 

12.1 

13.3 

9.5 

12.1 

10.8 

9 

88.9 

14.0 

3.8 

15.2 

10.8 

11.4 

14.6 

11.6 

10 

114.3 

8.9 

4.4 

5.1 

8.9 

3.2 

5.7 

6.0 

11 

116.8 

14.0 

2.5 

14.6 

13.3 

10.2 

15.2 

11.6 

12 

129.5 

14.0 

3.2 

12.7 

14.0 

8.3 

12.7 

10.8 

13 

165.7 

20.3 

7.0 

23.5 

22.9 

9.5 

17.8 

16.8 

14 

256.5 

22.9 

6.4 

21.6 

26.0 

20.3 

24.8 

20.3 
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Tucson,  Arizona 

In  the  Tucson  area,  other  investigations  of  saguaro  growth  have  been 
reported  by  MacDougal  and  Spalding  (1910),  Shreve  (1910),  Hastings 
(1961),  and  Hastings  and  Alcorn  (1961). 

MacDougal  and  Spalding  (1910)  measured  and  reported  yearly  apical 
growth  increments  for  individuals  in  a  saguaro  population  on  Tumamoc 
Hill  in  the  Tucson  Mountains.  The  data  are  for  years  1905-8  and, 
though  long  overlooked,  they  are  the  first  growth  data  obtained  and  re- 
ported for  the  species  (see  Table  36).  It  is  a  peculiarity  that  Shreve 
(1910),  reporting  in  the  same  year  from  the  same  laboratory,  included 
no  reference  to  these  important  data. 

The  growth  record  provided  by  MacDougal  and  Spalding  (1910:30, 
Table  8 )  contains  the  highest  natural  rate  of  growth  ever  reported  for 
the  saguaro.  During  the  9-month  period  from  23  January  1907  to  22 
October  1908,  one  individual  (No.  19)  in  that  sample  grew  from  a 
height  of  244.4  cm  (96.2  inches)  to  301.6  cm  (118.7  inches),  an 
average  of  28.6  cm  ( 1 1.25  inches)  per  year.  It  is  noteworthy  in  relation 
to  that  unusually  high  rate  of  growth  that  the  July  to  September 
precipitation  during  the  1907  and  1908  summer  growth  periods  was 
8.53  inches  (217  mm)  (Green  and  Sellers  1964:  Tucson)  and  12.05 
inches  (306  mm)  (MacDougal  and  Spalding  1910,  on  site),  respective- 
ly. Both  values  are  substantially  above  the  5.01 -inch  (127  mm)  Tucson 
mean  for  these  3  months  (Green  and  Sellers  1964). 

Shreve  (1910)  provided  none  of  the  data  used  to  obtain  the  age- 
height  relationships  he  reported  for  saguaros  growing  on  the  northern 
slope  of  Tumamoc  Hill  in  Tucson  (Table  37).  Using  his  data,  a  plot  of 
height  on  age,  however,  shows  an  exponentially  linear  age-height  rela- 
tionship, with  a  distinct  increase  in  the  growth  rate  occurring  at  a  height 
of  approximately  24  cm  (9.4  inches).  Our  results,  however,  do  not  sug- 
gest the  occurrence  of  such  a  growth-rate  change  at  that  height  (Tables 
28,  30;  Figs.  40-42). 

The  growth  rates  reported  by  Hastings  and  Alcorn  ( 1961  :Figs.  5  and 
6)  also  showed  the  reversal  in  the  annual  apical  growth  rate  occurring  at 
a  height  of  approximately  2  m  (6.6  ft),  typical  of  saguaro  growth-form 
ontogeny  thus  far  known  (see  Tables  34  and  38;  Figs.  43  and  44). 
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Table  36.  Original  height  measurements  (cm)  and  subsequent  one-yr  apical  growth 
increments  (cm)  for  8  saguaros  on  Tumamoc  Hill,  Tucson,  Arizona,  from  periodic  stem 
height  measurements  reported  by  MacDougal  and  Spalding  (1910:Table  8). 


Plant 

Original 
measurement 

Observed 

one-yr  apical  growth 

No. 

Year 

Height 

1906 

1907 

1908a 

1908b 

Mean 

24 

1906 

4.5 

_ 

2.9 

2.2 

_ 

2.55 

25 

1906 

37.4 

- 

6.1 

8.3 

15.0 

9.80 

21 

1905 

70.4 

13.5 

5.9 

7.1 

- 

8.83 

10 

1905 

86.8 

5.4 

0.1 

6.9 

- 

6.47 

4 

1905 

162.1 

7.4 

13.7 

10.8C 

10.8C 

10.70 

12 

1905 

163.8 

8.6 

2.0 

16.2C 

16.2C 

10.75 

19 

1905 

223.6 

15.6 

5.2 

28.6C 

28.6C 

19.50 

22 

1905 

230.2 

10.9 

13.6 

14.2C 

14.2C 

13.25 

a23  Mar.  1908. 
b22  Oct.  1908. 
cMeans  of  two  seasons'  growth  from  23  Jan.  1907  to  22  Oct.  1908. 


Table  37.  Height,  estimated  age 
and  one-yr  apical  growth  for  sa- 
guaros on  Tumamoc  Hill,  Tucson, 
Arizona;  apical  growth  is  subse- 
quent one-yr  apical  growth  deter- 
mined by  graphic  analysis  of 
height-age  relationships  given  in 
Shreve  (1910:237). 


Height 

Age 

Apical  growth 

(cm) 

(yrs) 

(cm/yr) 

10 

8.0 

2.0 

20 

12.5 

2.5 

40 

19.1 

4.0 

80 

27.3 

7.0 

100 

30.3 

8.0 

200 

40.5 

12.0 

300 

47.5 

15.0 

400 

54.0 

20.0 

500 

60.0 

40.0 
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Table  38.  Mean  annual  apical  growth  of  saguaros 
in  USDA  sample  at  Saguaro  National  Monument 
1951-59.  Adjusted  data  in  Hastings  and  Alcorn 
(1961:Fig.  5). 


Height-class 

Mid-point 

Apical  growth 

(ft) 

(ft) 

(cm) 

(cm/yr) 

0-1.99 

1 

30.48 

8.68 

2-3.99 

3 

91.44 

9.33 

4-5.99 

5 

152.40 

11.11 

6-7.99 

7 

213.36 

11.25 

8-9.99 

9 

274.32 

10.20 

10-11.99 

11 

335.28 

7.29 

12-13.99 

13 

396.24 

7.51 

14-15.99 

15 

457.20 

7.07 

16-17.99 

17 

518.16 

5.21 

18-19.99 

19 

579.10 

5.30 

20-21.99 

21 

640.08 

6.80 

22-23.99 

23 

701.04 

6.71 

24-25.99 

25 

762.00 

6.25 

26-27.99 

27 

822.96 

6.49 

28-29.99 

29 

883.92 

6.20 

30-31.99 

31 

944.88 

8.00 

32-33.99 

33 

1005.84 

9.25 

34-35.99 

35 

1066.80 

6.80 

Summary  and  Conclusions 

The  saguaro  is  well  adapted  in  its  growth  responses  to  the  highly  vari- 
able amounts  and  temporal  distribution  of  summer  precipitation  that  are 
characteristic  of  the  climate  of  the  Sonoran  Desert.  The  shallow, 
widespreading  root  system  enables  the  plant  to  utilize  moisture  from 
relatively  small  amounts  of  rainfall.  It  responds  quickly  with  new  growth 
to  renewed  soil  moisture  after  a  period  of  drought.  Thus,  the  saguaro  ef- 
ficiently can  utilize  intermittently  and  briefly  available  moisture  from  in- 
frequent summer  rains. 

Growth  of  the  saguaro  is  distinctly  seasonal  and  takes  place  during 
coincident  periods  of  relatively  high  temperatures  and  plant-available 
soil  moisture.  Growth  is  limited  by  lack  of  moisture  during  the  dry  after- 
summer  and  arid  fore-summer  seasons,  and  by  cold  during  the  winter 
wet  season. 


164         Ecology  of  the  Saguaro 

The  principal  stem  growth  of  the  saguaro  takes  place  during  and  im- 
mediately following  monsoon  rains  in  July,  August,  and  September. 
Water  uptake  occurs  and  apical  growth  is  resumed  within  a  few  hours 
after  the  start  of  the  first  saturating  summer  rain. 

Moisture  lost  by  transpiration  during  the  dry  after-summer  is  usually 
replaced  during  the  early  winter  months.  In  the  colder  northern  portions 
of  the  species  distribution,  water  uptake  without  growth  takes  place  dur- 
ing the  period  of  winter  rains  and  low  temperatures  in  late  November, 
December,  January,  and  early  February. 

A    second    period     of    growth     beginning    as    early     as     Febru- 
ary-depending upon   concurrently   warm   temperatures   and   available 
moisture— may  occur  during  the  late  winter  and  early  spring  months. 
The  potential  increase  in  stem  volume  from  such  growth  is  offset  by 
transpiration  losses  during  the  hot  months  of  the  arid  fore-summer. 

In  the  saguaro  and  other  columnar  cacti,  there  is  a  series  of  critical 
ontogenetic  growth-form  changes.  In  young  saguaros,  the  first  of  these 
changes  takes  place  when  the  young  plant  reaches  a  height  of  approxi- 
mately 5.5  cm  (2.2  inches),  and  the  second  change  occurs  when  the 
plant  reaches  a  height  of  approximately  200  cm  (78.7  inches). 

The  annual  growth  increment  of  juvenile  saguaros  increases  exponen- 
tially with  age  and  increased  size  up  to  the  age  of  first  flowering.  As 
much  as  50%  of  the  potential  stem  growth  of  adult  saguaros  is  diverted 
into  yearly  reproductive  growth. 

The  total  summer  growth  of  the  saguaro  is  dependent  upon  the  cumu- 
lative duration  of  periods  of  plant-available  soil  moisture.  The  annual  in- 
crement of  stem  growth,  therefore,  is  determined  not  only  by  the 
amount  of  precipitation,  but  in  large  measure,  by  its  temporal  distribu- 
tion. 

Growth  rates  of  the  saguaro  are  highly  variable.  Genetic  variation 
and/or  microenvironmental  differences  commonly  result  in  a  twofold 
(or  larger)  difference  in  annual  height  growth  between  individuals  grow- 
ing in  the  same  immediate  locality  and  topographic  habitat.  Similarly 
large  variations  in  annual  growth  increments  occur  and  are  associated 
with  year-to-year  variation  in  summer  precipitation  and  winter  tempera- 
tures. 

Significant  differences  in  saguaro  growth  rates  occur  in  different 
topographic  habitats  under  the  same  general  climate.  These  differences 
are  directly  related  to  the  influence  of  slope  and  exposure  upon  tem- 
perature and  plant-available  moisture,  and  to  different  moisture  rela- 
tionships that  result  from  differing  physical  characteristics  of  the  as- 
sociated soils. 

The  rate  of  saguaro  growth  differs  widely  from  population  to  popula- 
tion in  response  to  the  broad  range  of  climatic  environments  present 
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within  the  extensive  geographic  range  of  the  species.  Generally,  rates  of 
saguaro  growth  increase  along  a  gradient  ( 1 )  of  increasing  summer 
precipitation  from  west  to  east,  and  (2)  higher  winter  minimum  tem- 
peratures that  occur  from  high  to  low  elevations,  and  from  north  to 
south  latitudes. 

Freezing  depresses  the  growth  rate  of  both  juvenile  and  adult 
saguaros.  Severe  freeze-caused  injury  to  the  crowns  of  juvenile  saguaros 
reduces  growth  for  a  period  of  2  or  more  years  following  the  freeze. 
Freeze-caused  reduction  in  the  growth  rate  of  adult  saguaros  can  con- 
tinue for  several  years  after  injury. 

For  adult  saguaros  situated  near  the  cold-limited  northeastern  boun- 
dary of  its  distribution,  the  growth-limiting  effect  of  recurring 
catastrophic  freezes  offsets  the  advantage  of  relatively  favorable 
moisture  conditions.  In  these  winter-cold  environments  the  average 
growth  of  large  saguaros  is  less  than  in  some  more  arid  but  warmer  en- 
vironments. 

Height-age  relationships  of  saguaros  growing  in  different  portions  of 
the  species  range  vary  not  only  with  differences  in  precipitation  and  re- 
lated availability  of  moisture  but  also  are  controlled  by  the  frequency 
and  intensity  of  subfreezing  temperatures.  Established  height-age  rela- 
tionships for  a  saguaro  population  growing  in  one  locality  cannot  be  ap- 
plied to  populations  growing  in  other  locations  without  consideration  of 
both  of  these  controlling  climatic  variables. 

Over  a  major  portion  of  the  saguaro  species  distribution,  winter  cold 
determines  not  only  the  growth  rate  but  also  quantitative  aspects  of  its 
reproductive  success,  local  and  absolute  limits  of  distribution,  popula- 
tion density,  and  age-class  structure,  as  well  as  the  timing  of  the  critical 
events  in  the  life  cycle  of  the  saguaro. 
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//  is  bootless  at  this  time  to  attempt  to  explain  the  apparent  decadence  of 
the  Giant  Cactus.  A  fuller  knowledge  of  its  germination  and  the  behavior  of  its 
seedlings,  together  with  a  more  complete  knowledge  of  the  periodicity  of  cer- 
tain climatic  elements  within  its  range  will  be  sure  to  throw  light  on  the  fall  in 
its  rate  of  establishment.— Forrest  Shreve,  "The  rate  of  establishment  of  the 
giant  cactus."  1910:240. 


Now  that  we  have  established  the  nature  and  operation  of  the  factors 
that  control  germination,  establishment,  and  survival  of  young  saguaros 
in  Saguaro  National  Monument  and  elsewhere  in  this  more  northerly 
portion  of  their  range,  it  is  possible  to  draw  conclusions  concerning  the 
current  status  of  these  populations  in  relation  to  past  conditions,  events, 
and  activities,  and  in  some  measure  to  predict  their  future  course. 

Commerce  and  Conservation:  The  Human  Factor 

Coming  down  the  northern  point  of  the  mountain  and  out  westward  into 
the  plain,  we  transferred  ourselves  in  a  few  hours  from  the  temperate  to  the 
torrid  zone.  In  the  foot-slopes  we  passed  through  an  ardent  grove  of  giant 
cacti,  called  by  Mexicans  'Sahuaros,'  some  of  them  fifty  feet  high.  Among 
these  prickly  horrors  grew  a  variety  of  lesser  ones,  more  or  less  closely  related 
to  them.— Lt.  John  Bigelow,  Jr.,  "After  Geronimo."  1887:522. 


This  oldest  known  observation  on  the  stands  of  saguaro  cactus  at 
Saguaro  National  Monument— 1886,  quoted  above— contains  just 
enough  information  to  whet  the  appetite  of  curiosity  and  to  stir  specula- 
tion on  the  condition  of  that  saguaro  forest  nearly  100  years  ago.  Unfor- 
tunately, for  purposes  of  understanding  the  present  condition  of  the 
saguaro  populations  within  the  monument  in  relation  to  historical  uses 
and  abuses  of  the  land,  known  references  are  few  and  nonspecific. 

166 
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Further,  we  must  add  that  the  scattered  available  records  are  in  need  of 
much  additional  search  and  evaluation  to  provide  detail  on  historic  ac- 
tivities that  relate  to  the  past  and  present  condition  of  the  saguaro  popu- 
lations. Our  present  knowledge  of  historical  conditions  and  factors  that 
may  relate  to  the  past  and  present  condition  of  saguaro  populations  in 
Saguaro  National  Monument  is  limited  largely  to  the  information  that 
the  various  noted  activities  did  take  place,  and  to  the  approximate  time 
and  location  of  their  occurrence. 

The  absence  of  specific  information,  i.e.,  numbers,  names,  dates,  and 
precise  locations  of  historic  activities  within  the  monument,  does  not 
allow  us  to  ignore  the  fact  or  possible  significance  of  their  occurrence. 
Neither  does  it  preclude  generalized  evaluation  of  the  effects  of  these 
kinds  of  activities  on  saguaro  establishment  and  survival.  It  is  not  our  in- 
tention to  document  here  in  great  detail  the  period  or  extent  of  any  of 
the  historic  activities  that  may  have  influenced  the  subsequent  condition 
of  saguaro  populations  within  Saguaro  National  Monument.  Rather,  we 
concern  ourselves  with  the  question  of  the  relationship  of  these  kinds  of 
activities  to  known  natural  factors  affecting  the  germination,  establish- 
ment, and  survival  of  young  saguaros. 

Cactus  pirates 

During  the  early  part  of  this  century,  large  numbers  of  young  saguaros 
in  the  Tucson  vicinity  were  removed  for  sale  to  cactus  fanciers  and  for 
landscaping  purposes;  the  practice  continues  although  not  in  the  monu- 
ment area.  Former  residents  of  the  east  monument  area  state  that,  prior 
to  1933,  cactus  merchants  were  active  in  the  Cactus  Forest  area,  and 
that  large  numbers  of  young  plants  were  removed  by  these  operators. 

There  is  no  reliable  basis  for  estimating  the  number  of  saguaros 
removed  during  these  operations.  That  young  saguaros  were  present  in 
numbers  sufficient  to  support  such  operators,  however,  is  significant. 
The  presence  at  that  time  of  these  young  plants  leaves  no  question  that 
conditions  were  favorable  for  saguaro  establishment,  and  for  their  sur- 
vival to  a  size  and  age  suitable  for  "harvest."  It  is  likely  that  most  of  the 
saguaros  sought  and  removed  were  the  easily  transplantable  sizes  of  the 
10-  to  30-year-old  age  group. 

Plants  of  that  age  class  have  a  high  natural  life  expectancy.  They  have 
grown  beyond  the  age  of  high  vulnerability  to  the  principal  agents  of 
young  saguaro  mortality,  and  are  entering  a  long  period  of  growth  when 
they  are  least  vulnerable  to  the  climatic  factors  that  kill  large  adult 
plants.  Thus,  it  is  not  unreasonable  to  assume  that,  in  the  absence  of 
human  intervention,  a  large  proportion  of  those  plants  removed  by  cac- 
tus merchants  would  be  alive  today  as  intermediate-size  adult 
saguaros — the  age-group  largely  missing  in  the  Cactus  Forest  now  and 
from  the  time  the  original  monument  was  established. 
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Woodcutting 

A  portion  of  the  east  monument,  mainly  including  the  Cactus  Forest 
area,  was  included  within  the  Fort  Lowell  military  reservation  and 
served  as  a  source  of  lime  during  construction  of  the  fort.  Remains  of 
limestone  kilns  are  still  present  near  the  northeast  edge  of  the  Cactus 
Forest  area.  The  green  wood  of  paloverde  trees  was  used  to  fire  the 
kilns.  However,  because  of  the  rapidity  with  which  the  wood  of  this  spe- 
cies decomposes,  no  stumps  remain  to  indicate  the  number  of  paloverde 
trees  removed  for  this  use. 

Mesquite  (Prosopis  juliflora),  a  preferred  firewood  species,  was  cut  in- 
tensively within  the  area.  The  durable  dead  stumps  of  this  species  are 
abundant  in  the  Cactus  Forest  area,  and  most  of  the  living  mesquite 
trees  are  sprouted  from  old  stumps  (Fig.  46). 

Activities  of  woodcutters  affect  the  fate  of  young  saguaros  growing 
beneath  the  trees  they  remove.  Not  only  are  such  plants  liable  to 
mechanical  destruction  by  the  woodcutters  themselves,  the  survivors  are 
fully  exposed  to  trampling  by  cattle,  and  to  the  full  decimating  impact  of 
the  biotic  and  abiotic  environment.  In  addition  to  such  direct  destruc- 
tion of  established  saguaros,  woodcutting  also  reduced  the  number  of 
favorable  sites  for  subsequent  saguaro  establishment.  Without  the  modi- 
fying influence  of  protective  plant  cover,  the  associated  microhabitats 
were  no  longer  suitable  for  the  establishment  of  saguaros. 


Grazing 

In  some  portions  of  Saguaro  National  Monument,  saguaro  habitats 
have  been  subjected  to  intensive  grazing  by  cattle  for  more  than  three- 
quarters  of  a  century.  In  some  localities,  particularly  the  Cactus  Forest 
area  of  the  east  monument,  this  has  had  an  unquestionably  detrimental 
effect  on  the  germination,  establishment,  and  survival  of  young  saguaros 
(Figs.  47-50). 

Direct  destruction  of  young  saguaros  has  resulted  from  the  long-con- 
tinued trampling  of  cattle  seeking  shade  and  forage  beneath  the  crowns 
of  desert  trees,  mainly  paloverde  and  mesquite  (Figs.  47 A,  50A).  This 
degradation  of  microenvironments  favorable  to  saguaro  establishment 
and  survival  continued  for  a  period  of  many  decades  and  has  resulted  in 
a  correspondingly  reduced  density  of  saguaros  surviving  from  the  year- 
classes  of  that  period. 

An  even  more  significant  effect  of  cattle  grazing  has  been  the  impact 
of  continued  grazing  pressure  upon  the  physical  structure  of  the  plant 
community  (Figs.  47-50).  The  resulting  deterioration  of  the  natural 
multistoried  tree  and  shrub  cover  and  the  modification  of  associated 
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microenvironments  seriously  reduced  the  number  and  quality  of  sites 
available  for  the  germination,  establishment,  and  survival  of  young 
saguaros. 

Livestock  grazing  has  had  its  greatest  impact  in  nonrocky  habitats 
where  the  germination,  establishment,  and  survival  of  young  saguaros 
are  most  directly  dependent  upon  the  physical  protection  of  other 
vegetation  (Figs.  47 A,  48 A,  and  50A).  In  these  habitats  a  multistoried 
canopy  of  overhanging  tree  branches  together  with  shrubs  provides  con- 
cealment from  destructive  animals  and  effectively  moderates  extremes 
of  drought  and  subfreezing  temperatures  (Fig.  50B). 

In  rocky  habitats,  livestock  grazing  has  had  far  less  impact  upon 
young  saguaros.  There,  as  in  nonrocky  habitats,  the  protective  cover  of 
associated  vegetation  contributes  to  the  germination,  establishment,  and 
survival  of  young  saguaros.  However,  the  deteriorating  effect  of 
livestock  grazing  in  these  habitats  decreases  in  importance  as  the  fate  of 
young  saguaros  becomes  increasingly  related  to  their  association  with 
protective  rock  outcrops.  Thus,  despite  the  seriously  destructive  effect 
of  grazing  upon  the  other  vegetation  in  these  habitats  (Fig.  49A),  the 
age-class  structure  and  the  density  of  young  saguaros  in  these  popula- 
tions have  been  affected  much  less  by  livestock  grazing  than  those  in 
nonrocky  habitats. 

In  summary,  the  primary  role  of  historic  livestock  grazing  has  been  to 
reduce  the  density  of  affected  saguaro  populations  by  decreasing  the 
number  of  sites  suitable  for  germination  and  establishment  of  young 
plants  by  increasing  exposure  to  natural  mortality-causing  factors.  Dif- 
ferential impact,  i.e.,  differential  mortality,  has  been  associated  with  dif- 
ferences in  the  intensity  and  duration  of  grazing  and  the  physical 
characteristics  (rockiness)  of  the  terrain.  Mortality  is  highest  in  inten- 
sively grazed,  relatively  flat,  nonrocky  terrain,  and  lowest  in  less  inten- 
sively grazed,  steep  slopes  with  extensive  rock  outcrops.  Natural 
regeneration  of  vegetation  is  occurring  (Figs.  47B,  48B,  and  49B)  and 
natural  rates  of  germination,  establishment,  and  survival  of  young  plants 
are  now  occurring  in  habitats  under  National  Park  Service  protection 
that  were  heavily  grazed  earlier  in  the  century. 

Fire  control 

Fire  is  a  natural  cause  of  mortality  of  young  saguaros  near  the  upper 
elevational  limits  of  their  distribution.  The  relative  importance  of  this 
factor  under  natural  conditions  is  not  known.  However,  our  observations 
on  natural  fire-caused  saguaro  deaths  in  the  Coronado  and  Tonto  na- 
tional forests  in  Arizona  indicate  that  fire  is  a  density-controlling  factor 
in  ungrazed  habitats  where  grasses  and  other  low-growing  plant  species 
provide  a  sufficiently  continuous  cover  of  combustible  fuel  to  permit  the 
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Fig.  46A.  Stumps  of  mesquite  (Prosopis  juliflora),  a  preferred  firewood  species,  are 
abundant  in  the  Cactus  Forest  at  Saguaro  National  Monument  (east).  Activities  of 
woodcutters  during  the  early  part  of  this  century  reduced  the  number  and  favorability  of 
sites  for  subsequent  establishment  of  saguaros.  In  addition,  the  removal  of  trees 
undoubtedly  contributed  to  the  destruction  of  established  saguaros.  Photographed  19 
June  1968. 
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Fig.  46B.  Mesquite  trees  (Prosopis  juliflora)  resprouted  from  cut  stumps  are  common  in 
the  Cactus  Forest,  Saguaro  National  Monument  (east).  Young  saguaros  established  within 
the  last  10-15  years  now  occur  beneath  a  large  proportion  of  such  resprouted  mesquite 
trees.  Photographed  20  January  1971. 
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Fig.  47A.  Actively  grazed  paloverde-saguaro  {Cercidium  microphyllum-Cereus  giganteus) 
community  adjacent  to  Saguaro  National  Monument  (east).  Note  the  sparsity  of  shrubs 
and  grasses.  Beneath  the  trees,  fallen  limbs  that  would  offer  protection  for  young  saguaros 
have  been  pulverized  by  trampling  cattle.  Photographed  7  August  1969. 
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Fig.  47B.  Paloverde-saguaro  (Cercidium  microphyllum-Cereus  giganteus)  community  after 
11  years'  protection  from  cattle  grazing.  Compare  with  adjacent  site  shown  in  Fig.  47 A. 
The  multistoried  canopy  of  shrubs  and  overhanging  tree  branches  provides  young  saguaros 
with  concealment  from  destructive  animals  and  effectively  moderates  extremes  of  drought 
and  subfreezing  temperatures.  Young  saguaros  now  commonly  occur  in  such  regenerated 
microenvironments.  Photographed  7  August  1969. 
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Fig.  48A.  Closely  cropped  desert  zinnia  (Zinnia  pumila,  a  low  desert  shrub),  and  desert 
fluffgrass  (Tridens  pulchellus)  at  the  actively  grazed  site  shown  in  Fig.  4 7 A.  Fountain  pen 
(center)  provides  scale.  Compare  with  Fig.  48B.  Not  only  grasses,  but  many  species  of 
shrubs  and  even  portions  of  some  trees  (flowers,  fruits,  leaves,  and  succulent  new 
branches)  are  heavily  utilized  by  desert  cattle.  Photographed  7  August  1969. 
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Fig.  48B.  Natural  regeneration  of  desert  zinnia  (Zinnia  pumila)  and  fluffgrass  (Tridens 
pulchettus)  at  Saguaro  National  Monument  (east);  same  site  as  Fig.  48 A.  Fountain  pen 
(center)  provides  scale.  In  this  environment,  young  saguaros  are  commonly  found  under 
trees  growing  in  close  association  with  such  "nurse-plant"  shrubs.  Photographed  7  August 
1969. 
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Fig.  49A.  Intensively  grazed  rocky  footslope  of  the  Rincon  Mountains,  Saguaro  National 
Monument  (east).  Sparse  ground  cover  greatly  increases  the  severity  of  heat,  cold,  and 
drought.  Perennial  vegetation  includes  foothill  paloverde  (Cercidium  microphyllwn), 
ocotillo  (Fouquieria  splendens),  sangre-de-drago  (Jatropha  cardiophylla),  and  pricklypear 
cactus  (Opuntia  engelmanni).  Photographed  22  May  1969. 
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Fig.  49B.  Natural  regeneration  of  vegetation  on  rocky  footslopes  following  exclusion  of 
cattle  in  Saguaro  National  Monument;  same  immediate  locality  as  Fig.  49A.  Eleven  years' 
protection  from  livestock  grazing  has  resulted  in  the  development  of  extensive  grass  cover: 
side  oats  grama  {Bouteloua  curtipendula) ,  slender  grama  {Bouteloua  filiformis),  bush- 
muhly  {Muhlenbergia  porteri),  and  Arizona  cottontop  (Trichachne  californica).  Photo- 
graphed 22  May   1969. 
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Fig.  50A.  The  area  surrounding  this  mesquite  tree  (Prosopis  juliflora)  at  Organ  Pipe  Cactus 
National  Monument  has  been  denuded  by  grazing  and  shade-seeking  cattle.  Consumption 
and  trampling  by  cattle  has  eliminated  nearly  every  living  plant  at  this  intensively  used 
site.  Continued  use  precludes  establishment  of  new  plants.  Photographed  8  December  1969. 
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Fig.  50B.  A  short  distance  from  the  site  shown  in  Fig.  50A  there  are  seven  juvenile 
saguaros  growing  among  the  cast  limbs  beneath  the  dense  crown  of  this  foothill  paloverde 
tree  (Cercidium  microphyllum).  Cattle  have  avoided  this  site  which  produces  little  or  no 
forage  and  is  protected  by  low,  overhanging  tree  limbs.  Photographed  8  December  1969. 
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spread  of  natural  fire  (Fig.  51).  In  such  habitats,  saguaros  closely  as- 
sociated with  combustible  plant  material— in  grass,  "amole"  (Agave 
schotti),  low  shrubs,  or  litter  beneath  trees — are  highly  vulnerable  to 
fire-kill.  However,  saguaros  situated  in  relatively  barren  rock  outcrops 
survive  fire  with  little  or  no  damage. 

There  is  no  known  instance  of  fire-caused  saguaro  deaths  within 
Saguaro  National  Monument.  This  is  a  result  not  only  of  a  strict  policy 
of  controlling  all  fires  but  even  more  directly  a  consequence  of  cattle 
grazing.  Grasses  that  naturally  would  form  a  more-or-less-continuous 
ground  cover  on  the  rocky  footslopes  have  been  closely  cropped,  and 
their  density  has  been  drastically  reduced  by  long-continued  cattle  graz- 
ing (Fig.  49 A).  Fires  can  neither  start  nor  spread  in  these  denuded, 
grossly  altered  environments.  In  that  limited  and  local  sense  it  might  be 
said  that  cattle  grazing  may  have  benefited  saguaro  survival  in  the 
monument. 
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Fig.  51  A.  Fire-killed  saguaros  and  foothill  paloverde  trees  (Cercidium  microphyllum)  in 
Tonto  National  Forest  approximately  56  km  (35  miles)  northeast  of  Phoenix,  Arizona. 
Seventeen  of  the  19  saguaros  in  the  photograph  were  killed  by  an  intense  ground  fire  in 
the  dry  autumn  of  1973,  following  the  unusually  heavy  production  of  annual  forbs  and 
grasses  earlier  in  that  year.  Fires  start  and  spread  readily  through  the  ground  level 
accumulation  of  dead,  dry  forbs  and  grasses  produced  in  desert  scrub  by  unusually  heavy 
winter,  spring,  and/or  summer  rains.  Photographed  18  June  1974. 
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Predator  control 

Predator  control  within  and  adjacent  to  both  sections  of  Saguaro  Na- 
tional Monument  continued  into  the  last  decade  cannot,  with  certainty, 
be  related  to  the  past  and  present  condition  of  saguaro  stands  within  the 
boundary.  The  whole  question  of  the  effect  of  predator  control  on  fluc- 
tuations in  rodent  populations  seems  inseparably  related  to  a  host  of 
other  factors  ultimately  of  equal  or  greater  importance  in  the  dynamics 
of  desert  rodent  populations.  These  include  food  and  water  supply, 
habitat  modifications  produced  by  livestock  grazing,  climatic  cycles, 
and  the  resulting  complex  interactions  including  predation. 

Ultimately,  it  seems  that  the  most  that  can  be  said  with  regard  to 
predator  control  is  that  to  some  degree  it  may  have  allowed  populations 
of  some  prey  species  to  increase  until  some  other  environmental  factor 
became  limiting  on  their  numbers.  There  are  no  data  that  show  that  an 
increase  in  rodent  predators  on  young  saguaros  actually  resulted  from 
predator  control,  that  rodent  populations  were  maintained  at  unnatu- 
rally high  levels,  or  that  the  establishment  of  young  saguaros  was  un- 
naturally limited  by  high  populations  of  rodents  resulting  from  the  con- 
trol of  predators. 
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Fig.  5 IB.  A  fire-scarred  saguaro,  survivor  of  a  July  1968  lightning-caused  fire  on  the 
ungrazed  slopes  of  the  Santa  Catalina  Mountains,  Coronado  National  Forest  northeast  of 
Tucson,  Arizona.  In  such  habitats,  saguaros  closely  associated  with  an  abundance  of  dry 
fuel-dense  grass,  shrubs,  and  other  plants,  or  accumulated  litter  beneath  trees-are  highly 
vulnerable  to  fire-kill.  However,  saguaros  often  survive  in  relatively  barren  outcrops  where 
there  is  little  or  no  fuel  to  support  the  ground  fire.  Photographed  4  August  1969. 
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Except  for  the  small  effect  of  a  limited  amount  of  hunting  outside  the 
boundaries,  the  level  of  predator  populations  today  appears  essentially 
as  before  within  the  two  units  of  the  monument.  Whatever  the  previous 
consequences  of  predator  control  on  these  saguaro  populations,  the 
present  condition  is  that  of  an  essentially  natural  relationship. 

Other  decimating  factors 

Since  the  establishment  of  Saguaro  National  Monument,  some  lack  of 
saguaro  establishment  and  survival  must  be  attributed  to  the  actions  of 
monument  users,  and  to  certain  management  activities  of  the  National 
Park  Service  itself.  This  has  resulted  not  only  from  the  direct  destruc- 
tion of  many  young  saguaros  but  also  from  the  inadvertent  creation  of 
environments  in  which  the  saguaro  cannot  become  established  or  sur- 
vive. These  factors,  briefly  discussed  here,  are  further  detailed  in  Ap- 
pendix I,  Management  Recommendations. 

The  construction  and  maintenance  of  roads,  parking  facilities,  and  re- 
lated drainage  control  devices  through  the  heart  of  the  most  spectacular 
saguaro  stands  in  both  sections  of  the  monument  have  involved  the 
direct  removal  of  young  (and  some  old)  plants  (Figs.  52  and  53).  These 
developments  have  also  eliminated  a  substantial  area  of  formerly  prime 
saguaro  habitat. 

Both  causes  and  rates  of  saguaro  mortality  increase  with  proximity  to 
roadways  and  parking  areas  (Figs.  52  and  55B).  Easy  access  and  inten- 
sive use  are  accompanied  by  higher  rates  of  vandalism  on  saguaros  of  all 
sizes.  Saguaros  attract  and  are  highly  vulnerable  objects  of  vandalism 
(Fig.  53B);  small  plants  are  easily  removed  completely.  Younger  plants 
are  especially  subject  to  injury,  destruction,  and  removal,  and  deteriora- 
tion of  saguaro  habitat  occurs  with  intensive  use  of  areas  adjacent  to 
parking  sites. 

Saguaros  immediately  adjacent  to  roadways  are  left  with  only  partially 
functional  root  systems,  the  shallow  roots  either  severed  or  covered  with 
pavement  or  compacted  soil  (Fig.  52).  The  vigor  of  such  plants  is  im- 
paired by  reduced  water-uptake  capability,  and  vulnerability  to 
windthrow  is  greatly  increased. 

Freeze-caused  mortality  is  increased  by  close  proximity  to  unpaved 
roadways  (Fig.  55 A).  During  cold  winter  nights,  the  greatest  extremes 
of  low  temperatures  are  associated  with  the  high  rates  of  nocturnal  re- 
radiation  from  these  barren  surfaces.  The  lack  of  protective  vegetation 
further  increases  the  vulnerability  of  roadside  saguaros  to  freezing 
(Lowe  and  Hinds  1971;  Steenbergh  and  Lowe  1976;  Fig.  55B). 

Picnic  areas,  without  exception,  have  been  developed  in  prime 
saguaro  habitats;  generally,  most  of  the  decimating  factors  associated 
with  roadways  apply  to  the  establishment  and  survival  of  saguaros  at 
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and  near  these  locations  (Fig.  53).  Vandalism,  destruction  of  vegeta- 
tion, and  soil  compaction  have  virtually  precluded  the  establishment 
and  survival  of  young  saguaros,  have  caused  the  death  of  many  of  the 
older  saguaros,  and  with  continued  use,  will  in  time  eliminate  the 
remaining  large  saguaros  at  these  locations.  Furthermore,  the  areas  sur- 
rounding these  sites  are  subject  to  intensive  use  and  associated  vandal- 
ism and  removal  of  young  saguaros  (Fig.  53B). 

The  "bacterial  necrosis  disease"  as  an  historical  factor 

The  long-continued  commitment  to  the  "bacterial  necrosis  disease" 
hypothesis  and  the  medical  approach  to  the  problem  of  saguaro  popula- 
tion decline,  reviewed  in  Chapter  I,  have  had  a  number  of  unfortunate 
consequences  for  the  public,  the  National  Park  Service,  and  the  scien- 
tific community. 

The  National  Park  Service,  in  the  acceptance  of  that  hypothesis,  con- 
tributed heavily  to  futile  efforts  to  control  the  supposed  disease.  They 
also  supported  pathology-oriented  research  that  sought  unsuccessfully 
to  explain  the  lack  of  seedling  establishment  and  survival.  Substantial  ef- 
fort and  money  were  expended  to  develop  management  programs  to 
correct  a  condition  of  undetermined  cause.  Much  important  informa- 
tion was  gained  from  these  efforts,  but  the  primary  question  remained 
unanswered  and  appropriate  management  programs  could  not  be 
developed  or  implemented  without  the  answers  to  the  question  of  cause. 

With  the  acceptance  of  the  ecologically  untenable  "disease"  hypothe- 
sis in  1941,  the  primary  cause  of  the  observed  saguaro 
deaths— freezing— passed  completely  unrecognized,  as  did  the  con- 
trolling relationship  between  that  factor  and  the  establishment  and  sur- 
vival of  young  saguaros.  As  a  consequence,  the  critical  questions  on  the 
role  of  freezing  weather  in  these  populations  remained  unasked  for 
nearly  two  more  decades. 

For  the  public  and  the  National  Park  Service,  a  most  unfortunate  con- 
sequence of  the  emotionally  appealing  hypothesis  was  the  widely  ac- 
cepted and  now  firmly  entrenched  belief  in  a  devastating,  but  hopefully 
curable,  "disease"  that  supposedly  threatened  the  saguaro  with  early  ex- 
tinction. 
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Fig.  52A.  Dead,  roadside  saguaro,  Tucson  Mountains,  Saguaro  National  Monument  (west). 
High  mortality  of  saguaros  immediately  adjacent  to  graded  roads  is  primarily  attributable 
to  conventional  road  maintenance  practices  (see  Fig.  52B).  Photographed  29  November 
1973. 
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Fig.  52B.  Closeup  showing  saguaro  roots  severed  by  roadgrader  (saguaro  shown  in  Fig. 
52A).  The  primary  root  system  of  the  saguaro  lies  within  2  ft  (0.6  m)  of  the  soil  surface. 
This  plant  has  lost  nearly  half  of  its  root  system.  Such  injury  results  not  only  in  loss  of 
plant  vigor  but  greatly  increases  vulnerability  to  freezing  and  windthrow.  Photographed  29 
November  1973. 
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Fig.  53A.  Concentrated  visitor  use-as  in  this  picnic  area-hastens  the  death  of  living 
saguaros  and  precludes  the  establishment  of  new  individuals.  Vandalism  and  soil 
compaction  reduces  the  vigor  of  old  plants.  Establishment  of  young  saguaros  cannot  occur 
on  barren,  intensively  used  sites.  Continued  intensive  use  of  these  sites  will  lead  to  the 
eventual  elimination  of  their  two  principal  attractions- saguaros  and  shade.  Photographed 
1  December  1969. 
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Fig.  53B.  Vandalized  young  saguaro  adjacent  to  picnic  area  shown  in  Fig.  5 3 A.  Vandalism 
on  standing  saguaros,  large  and  small,  and  the  removal  of  easily  uprooted  small  saguaros  is 
most  severe  in  the  immediate  vicinity  of  intensively  used  recreational  facilities  and  roads. 
Photographed  22  May  1969. 
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History  in  Perspective — Ecology  or  Pathology? 

Our  investigations  and  the  work  of  others  leave  no  doubt  that  natural 
environmental  factors  are  the  underlying  cause  of  the  dramatic  changes 
that  have  occurred  within  the  saguaro  populations  at  Saguaro  National 
Monument  since  its  establishment.  The  historical  activities  of  man  and 
his  domestic  animals  have  been  superimposed  upon  the  natural  environ- 
mental factors  that  limit  the  natural  distribution  of  the  saguaro  and, 
within  those  limits,  control  its  germination,  establishment,  and  survival. 


Responses  of  an  abused  environment 

The  role  of  historical  factors  has  been  not  to  act  as  new  and  overrid- 
ing controls  ;  rather,  historical  factors  have  acted  to  intensify  or  mitigate 
the  operation  of  natural  regulating  factors.  Acting  primarily  in  an  in- 
direct manner,  the  overall  effect  has  been  to  decrease  the  number  and 
suitability  of  sites  for  germination,  establishment,  and  survival  of  young 
saguaros.  Within  Saguaro  National  Monument,  the  saguaro  has  not  been 
eliminated  from  any  of  its  former  habitats  by  these  activities,  but  rather, 
in  some  habitats,  the  density  of  large  juvenile  and  young  adult  plants  is 
below  the  expected  level  for  these  habitats. 

There  is  no  cause  to  believe  that  historical  factors  have  created  irre- 
versible deterioration  of  any  of  the  primary  habitats  of  the  saguaro  at 
Saguaro  National  Monument.  Where  elimination  of  adverse  uses  has 
been  accomplished,  it  has  been  followed  by  natural  regeneration  of  the 
plant  community,  and  by  the  establishment  of  large  numbers  of  juvenile 
saguaros. 

Termination  of  grazing  or  other  actions  that  similarly  degrade  those 
desert  habitats  and  environments  is  followed  by  regenerative  "non-suc- 
cession." It  is  not,  however,  the  generally  known  plant  succession  that 
occurs  in  more  mesic  environments  where  serai  stages  of  different  sets 
of  species  replace  others  in  a  successive  series  of  different  communities. 
In  the  desert  environment  where  moisture,  rather  than  light,  is  limiting, 
interspecies  competition  takes  place  almost  entirely  within  the  root  zone 
(see  Cannon  1909,  1911,  1912).  Thus,  as  in  the  case  of  the  saguaro, 
plant  species  that  require  physical  protection  for  their  establishment  and 
early  survival  follow  the  development  of  moderated  microenvironments 
created  by  the  canopy  of  trees  and  shrubs.  These  microhabitats  offer 
protection  from  extremes  of  drought,  heat,  light,  and  cold,  and  in  addi- 
tion provide  concealment  and  physical  barriers  that  effectively  reduce 
destruction  by  animals. 

The  sparsity  of  large  juvenile  and  young  adult  saguaros  in  some 
habitats  is  indirectly  attributable  to  past  abuses  of  these  environments. 
That  is  the  irrevocable  condition  of  these  populations  that  absolutely  in- 
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sures  that  for  many  decades  to  come,  as  natural  die-off  of  large,  old 
saguaros  continues,  the  spectacular  qualities  of  these  stands  will  con- 
tinue to  decline. 

In  contrast  to  the  condition  reported  only  a  few  years  ago,  and  still 
presumed  by  many  to  be  the  situation,  there  are  today  in  each  of  the  two 
sections  of  Saguaro  National  Monument  thousands  of  young  saguaros  less 
than  a  half-meter  (20  inches)  tall.  These  occur  not  only  on  the  rocky 
footslopes  of  the  Rincon  and  Tucson  mountains — where  the  presence  of 
substantial  numbers  of  large  juvenile  and  young  adult  saguaros  indicates 
continued  establishment  and  survival  of  young  saguaros  in  these 
habitats — but  notably  in  the  nonrocky,  flat  habitats  of  the  Cactus  Forest 
area,  and  the  lower  bajadas  of  the  respective  east  and  west  sections  of 
the  monument. 

The  unstable  nature  of  saguaro  populations  within  Saguaro  National 
Monument  is  neither  a  recent  nor  an  unnatural  development.  The  un- 
balanced age-class  structure  evidenced  by  the  present  conspicuous  lack 
of  large  juvenile  and  small  and  intermediate  sizes  of  adult  saguaros 
within  certain  of  these  monument  stands  long  predates  the  establish- 
ment of  the  monument  in  1933. 

Both  the  dramatic  die-off  of  large,  old  plants  and  the  lack  of  younger 
replacements  in  these  populations  are  the  inevitable  response  to  cli- 
matic events— recurring  catastrophic  freezes— that  are  a  normal  charac- 
teristic of  the  region.  The  particular  populations  in  question  are  those 
which  occupy  marginal  saguaro  habitats— topographic  situations  where 
subfreezing  temperatures  are  intensified  by  cold  air  drainage  and  accu- 
mulation. 

Requiem  for  a  myth 

In  1838,  I  published  .  .  .  in  an  article  on  the  intense  cold  of  January,  1838, 
the  following  remarks — ".  .  .  cold  does  not  kill  vegetation  by  a  mechanical  ac- 
tion proceeding  from  the  congelation  of  the  liquid  as  some  naturalists  pretend. 
We  must  recognize  rather  a  physiological  action;  that  the  vitality  of  the  tissue 
is  destroyed  by  a  certain  degree  of  cold  followed  by  a  certain  degree  of  heat, 
according  to  the  peculiar  nature  of  each  plant.  The  vegetable  and  animal  king- 
dom, according  to  this  view,  will  act  alike.  In  the  same  manner  as  the  gan- 
grene that  sets  in  after  the  thawing  of  a  frozen  part  causes  the  death  of  an 
animal  tissue,  so  the  change  or  putrefaction  which  follows  a  rapid  thawing 
will  be  the  principal  cause  of  the  death  of  the  vegetable  tissue." — M.  A.  de 
Candolle,  "On  the  freezing  of  vegetables."  1852:445-446. 

Bacterial  rot  is  the  long  understood,  subsequent,  and  ecologically  im- 
portant process  of  natural  decomposition  that  aids  the  final  breakdown 
of  the  soft  tissues  of  saguaros  that  are  killed  outright  or  rendered 
physiologically  dysfunctional  by  mechanical  factors,  primarily  freezing 
and  lightning  (see  Lowe  1964,  1966;  Steenbergh  1972;  Steenbergh  and 
Lowe  1976). 
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Our  observations,  and  the  numerous  investigations  and  reports  of 
others,  have  established  the  nature  of  the  principal  causes  of  death  of 
saguaros.  Bacterial  disease  is  not  among  these  confirmed  causes  of  mor- 
tality in  natural  saguaro  populations,  and  no  significant  number  of 
saguaro  deaths  remains  to  be  explained  by  additional  or  unknown 
causes.  Our  ecological  investigations  over  the  last  23  years  on  naturally 
growing  field  populations  of  saguaros  have  resulted  in  no  evidence  that 
any  pathogenic  microorganism  is,  or  ever  has  been,  a  significant  cause 
of  the  death  of  saguaros— or  that  any  death  of  healthy  saguaros,  young 
or  old,  can  be  attributed  properly  to  bacterial  action. 

As  the  appointed  custodian  and  official  ecological  interpreter  of  the 
best-known  saguaro  populations  in  the  world,  the  National  Park  Service 
is  heir  to  a  difficult  task.  The  ecologically  unsupportable  myth  of  the 
"bacterial  necrosis  disease"  must  be  supplanted  by  a  possibly  less  ap- 
pealing, but  ecologically  realistic,  interpretation:  the  decline  of  once 
spectacular  saguaro  populations  at  Saguaro  National  Monument  and  else- 
where in  Arizona  is  an  inevitable  and  continuing  response  of  these  popula- 
tions to  uncontrollable  climatic  events. 

Diverse  Records:  Populations  in  Response  to 
Climatic  Events 

Diverse  records  on  saguaro  populations  (and  other  warm-desert  plant 
populations)  and  climatic  events  clearly  tell  the  story  of  a  population  in 
trouble  since  the  middle  of  the  last  century.  The  relative  sparsity  of 
young  saguaros  in  some  populations  and  the  relationship  of  that  condi- 
tion to  saguaro  population  fluctuations  have  long  been  a  matter  of 
record  and  concern. 

Populations  in  trouble 

Dense  populations  of  saguaros  near  the  northeast  base  of  the  Rincon 
Mountains  east  of  Tucson  are  indicated  by  the  previously  quoted  obser- 
vations of  Bigelow  (1887).  Hubbard  (1899)  provided  observations  on 
the  condition  of  saguaro  populations  near  Tucson  at  the  end  of  the  1 9th 
century.  Hubbard's  (1899:6)  1897  observation  was  particularly  signifi- 
cant: 

The  entire  mesa  at  the  foot  of  the  Sta.  Catalina  Mountains  near  Sabina 
canon,  about  18  miles  northeast  of  Tucson,  is  covered  for  miles  and  miles 
with  immense  giant  cactus,  in  one  unbroken  army,  as  thick  mullein  stalks  in 
an  eastern  cattle  pasture.  Out  of  these  thousands  of  cacti  I  did  not  discover 
a  single  plant  that  was  diseased  or  rotting.  .  .  . 

MacDougal  (1908b)  commented  generally  on  the  difficulty  of  finding 
young  saguaros,  but  remarked  that  "...  the  great  valley  lying  between 
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the  Carobabi  and  Quijotoa  Mountains,  was  found  to  be  densely  in- 
habited by  this  plant,  represented  by  individuals  in  all  stages  of  develop- 
ment, the  plantlets  being  so  numerous  in  places  as  to  form  clumps." 

Shreve  (1910)  offered  the  first  numerical  data  on  saguaro  populations 
and  concluded  that  ".  .  .  it  is  not  maintaining  itself  in  either  of  two  situa- 
tions, one  of  which  offers  the  highest  average  water-content  of  any 
desert  soil  away  from  stream  beds,  and  the  other  the  temperature  and 
other  conditions  which  have  brought  about  in  it  the  densest  Giant  Cac- 
tus population  that  can  be  found  in  any  habitat."  In  that  report,  he 
further  recognized  that  "mechanical  factors"  are  the  principal  cause  of 
saguaro  death. 

Shreve  (1911)  subsequently  established  the  role  of  freezing  weather 
as  a  critical  determinant  of  the  elevational  and  geographic  limits  of 
saguaro  distribution.  Surprisingly,  however,  Shreve  apparently  did  not 
then  or  later  recognize  the  further  relationship  of  his  work  on  freezing 
to  causes  of  saguaro  death,  and  the  observed  decline  of  certain  saguaro 
populations:  In  establishing  the  relationship  between  subfreezing  tem- 
peratures and  saguaro  survival,  Shreve  {191 1)  had  answered  his  own  im- 
portant question  on  the  primary  factor  responsible  for  the  observed  fall  in 
the  rate  of  saguaro  establishment,  and  had  delineated  the  primary  cause  of 
saguaro  deaths  in  populations  near  the  cold-limited  boundaries  of  its  dis- 
tribution (also  see  Thornber  1916;  Lowe  1959,  1964;  Steenbergh  and 
Lowe  1976). 

The  saguaro  population  in  portions  of  Saguaro  National  Monument 
(east)  was  in  a  long-standing  state  of  decadence  at  the  time  of  the 
establishment  of  the  monument  in  1933.  In  the  photographs  by  Homer 
Shantz  (Fig.  3 A;  also  see  Hastings  and  Turner  1965),  there  is  an 
abundance  of  large,  old  saguaros,  and  a  conspicuous  sparsity  of  juvenile 
and  young  adult  saguaros.  The  very  characteristic  that  inspired  Shantz 
(1932)  to  say,  "Nowhere  in  the  world  is  there  so  fine  a  stand  of  giant 
sahuara  (Carnegia  gigantia)  as  in  the  University  Cactus  Forest."  was  the 
irrevocable  condition  that  was  to  lead  to  the  subsequent  and  inevitable 
dramatic  decline  of  that  same  stand. 

The  first  quantitative  evidence  on  the  declining  condition  of  the  east 
monument  saguaro  population  was  supplied  by  Wilder  and  Wilder 
(1939)  and  Wilder  (1940).  They  not  only  pointed  out  that  the  saguaro 
was  not  maintaining  itself  in  the  "Lower  Desert  Floor"  (i.e.,  flat 
habitat),  but  importantly  concluded  (Wilder  and  Wilder  1939)  that 
"They  are,  apparently,  reproducing  satisfactorily  in  level-floored 
pockets  just  below  the  foothills  and  on  the  foothills  (or  mesas  leading  up 
to  the  Tanque  Verde  Mountains)." 

Following  massive  die-offs  of  saguaros  that  occurred  in  1939  and 
1940    (Gill    1951),    systematic    sampling    of   saguaro    populations    at 
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Saguaro  and  Organ  Pipe  Cactus  national  monuments  was  initiated  in  con- 
junction with  "Cactus  Disease  Investigations"  by  the  USD  A  Bureau  of 
Plant  Industry  (Gill  and  Lightle  1942,  1946;  Gill  1951;  Mielke  1944; 
also  see  Steenbergh  and  Lowe  1976).  That  study  included  data  on 
12,698  saguaros  in  the  Saguaro  Monument  (east)  flats  habitat,  the  lar- 
gest single  saguaro  population  sample  ever  taken. 

The  results  of  those  investigations  support  the  earlier  observations  of 
Wilder  and  Wilder  (1939)  and  Wilder  (1940)  that  the  number  of  young 
saguaros  in  the  east  monument  flats  stand  had  long  been  insufficient  to 
maintain  the  stand,  and  that  the  highest  densities  of  saguaros  occurred 
on  the  rocky  footslopes.  Further,  these  studies  showed  that  at  Organ 
Pipe  Cactus  National  Monument  there  was  a  relatively  low  rate  of  die- 
off  of  large  saguaros  (7%)  and,  significantly,  that  a  high  proportion 
(33.6%)  of  the  saguaros  in  that  population  were  healthy  individuals  3  ft 
(91  cm)  or  less  in  height  (Gill  and  Lightle  1942).  In  1941,  the  saguaro 
population  at  Organ  Pipe  Cactus  National  Monument  exhibited, 
and — based  on  recent  reexamination  by  the  authors— continues  to  ex- 
hibit on  the  whole  a  relatively  stable  age  distribution. 

Investigations  in  1962  (Niering  et  al.  1963;  Niering  and  Whittaker 
1965)  on  saguaro  populations  in  the  vicinity  of  Tucson  further  confirm 
earlier  observations  that  saguaro  establishment  and  survival  rates  in 
rocky  habitats  are  higher  than  in  the  finer  soil  of  nonrocky  habitats 
(also  see  Kramer  1962;  Bingham  1963).  More  important,  these  studies 
further  support  the  earlier  observation  by  Thornber  (1916)  that  massive 
die-off  of  saguaros  is  associated  with  catastrophic  freezing,  and  explain 
the  relationship  of  freezing  weather  to  higher  survival  rates  in  rocky 
habitats.  From  the  data  in  those  reports,  it  also  can  be  seen  that  freeze- 
caused  saguaro  mortality  decreases  from  east  to  west  along  a  gradient  of 
increasingly  warmer  winter  climate. 

Further  data  on  saguaro  populations  in  Saguaro  National  Monument 
and  the  relationship  of  saguaro  size  and  habitat  to  freeze-caused  mor- 
tality are  reported  by  Steenbergh  and  Lowe  (1976).  In  that  report,  we 
concluded  that  catastrophic  freezing  selectively  structures  saguaro 
populations,  removing  the  smallest  (youngest)  and  the  largest  (oldest) 
plants,  leaving  a  high  percentage  of  large  juvenile  and  unbranched 
young  adult  saguaros  with  heights  from  0.46  to  3.80  m  (1.5-12.5  ft). 


Catastrophic  freezes 

Daily  weather  observations  provide  a  record  of  minimum  tempera- 
tures in  Tucson  since  1895  (see  Steenbergh  and  Lowe  1976,  Fig.  25). 
Other  diverse  records  of  these  climatic  events  and  the  response  of 
saguaro  populations  and  other  cold-sensitive  plant  populations  are  scat- 
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tered  throughout  the  literature  (Thornber  1912,  1916;  Wiggins  1937; 
Turnage  and  Hinckley  1938;  Niering  et  al.  1963)  and  are,  in  fact,  recorded 
in  the  responsive  plant  populations  themselves. 

Saguaro  populations  in  the  Tucson  vicinity  are  an  unexamined  record 
of  catastrophic  freeze  occurrence  that  long  predates  the  oldest  written 
weather  records  (Figs.  54  and  55).  The  size-class  structure  of  these  and 
other  saguaro  populations  is  an  indication  of  past  winter  climate  (Fig. 
55 A).  In  many  northern  saguaro  populations,  constrictions  near  the 
base  of  the  stem  tell  the  story  of  previous  catastrophic  freezes.  These 
constrictions  result  from  freeze-caused  crown-kill.  In  some  habitats  at 
Saguaro  National  Monument,  such  scars,  present  on  nearly  every  large 
juvenile  and  adult  saguaro,  provide  a  continuous  record  of  recurring 
catastrophic  freezes  as  old  as  the  plants  themselves  (Fig.  54).  Based  on 
the  estimated  age  of  larger  saguaros  in  these  habitats,  recurring 
catastrophic  freezes  have  been  a  normal  part  of  these  environments  for 
more  than  150  years. 

The  lack  of  rotting  saguaros  noted  by  Hubbard  (1899)  reflects  the  oc- 
currence of  mild  winters  with  relatively  little  freeze-kill  of  saguaros 
toward  the  end  of  the  19th  century.  However,  low  temperature  readings 
in  Tucson  recorded  during  the  first  decade  of  this  century  were  followed 
by  MacDougars  (1908b)  observations  of  rotting  saguaros,  and  by 
Shreve's  (1910)  observation  on  the  ".  .  .  abundance  of  fallen  skeletons. 

The  most  noteworthy  record  of  low  temperature,  however,  is  the  6°F 
(— 14.4°C)  Tucson  temperature  recorded  on  13  January  1913.  As  the 
first  report  on  catastrophic  freeze-kill  of  saguaros,  Thornber's  (1916) 
observations  on  the  devastating  effects  of  that  freeze  are  particularly 
significant: 


.  .  .  during  the  very  cold  winter  of  1912-13  thousands  of  small  giant  cac- 
tus plants  growing  near  their  greatest  altitudinal  limits  were  killed  outright. 
Many  other  species  also  suffered  great  damage. 


The  Shantz  photographs  suggest  that  for  a  period  from  the  mid- 1920s 
to  1937,  there  was  little  or  no  freeze-caused  death  of  saguaros  in  the 
populations  at  the  Saguaro  National  Monument  (east)  location.  There 
are  no  rotting  plants,  and  few  skeletons  of  dead  saguaros  in  any  of  those 
photographs  (see  Fig.  3A). 

The  catastrophic  freeze  that  occurred  in  January  1937,  and  resulting 
severe  damage  to  warm-desert  plants,  was  the  subject  of  a  comprehen- 
sive report  by  Turnage  and  Hinckley  (1938).  Although  damage  to 
saguaros  was  not  noted  in  that  report,  damage  to  all  other  species  of 
columnar  cacti  native  to  the  Sonoran  Desert  was  reported. 
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Fig.  54A.  Constricted  upper  stem  of  a  young,  93-cm  (37-inch)  saguaro  at  Saguaro 
National  Monument  (east)  is  a  result  of  a  January  1971  freeze-caused  crown-kill.  Four 
other  scars  (arrows)  visible  below  the  mid-point  of  the  stem  are  the  result  of  a  series  of 
freezes  that  occurred  during  the  earlier  years  of  the  plant's  life.  Photographed  14  July 
1974. 
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Wiggins  (1937)  reported  severe  injury  to  organpipe  cacti  at  Organ 
Pipe  Cactus  National  Monument  and  noted  evidence  of  similar  injuries 
sustained  during  prior  freezes.  Additional  reports  of  freeze-caused 
damage  to  plants  are  contained  in  the  compiled  reports  of  the  National 
Park  Service  for  that  period  (USDI  1937). 

Although  there  is  no  record  of  damage  to  or  death  of  saguaros  im- 
mediately following  the  January  1937  freeze,  subsequent  events  leave 
no  doubt  that  it  was  among  the  species  most  severely  damaged  by  that 
freeze.  The  spectacular  die-off  of  saguaros  first  noted  in  1939  and  con- 
tinuing into  the  1940s  (Gill  and  Lightle  1942,  1946;  Mielke  1944;  Gill 
1951)  was  the  delayed  response  to  the  subfreezing  temperatures  of 
January  1937,  the  coldest  period  in  24  years  (Turnage  and  Hinckley 
1938). 

It  is  well  known  that  not  all  parts  of  a  plant  die  at  the  same  moment. 
This  time  scale  of  organ  death  is  greatly  exaggerated  in  the  saguaro 
giant  cactus.  As  many  as  9  years  may  elapse  between  lethal  injury  and 
collapse  of  a  freeze-damaged  saguaro  (Figs.  4B,  14B,  and  55A).  Thus, 
the  death  of  large  saguaros  lethally  injured  in  1937  escaped  recognition 
until  1939  and  later  when,  with  their  decay  and  collapse,  death  became 
obvious. 

Saguaro  die-off  in  response  to  catastrophic  freeze  followed  by  rapid 
thawing  conditions  in  1962,  reported  by  Niering  et  al.  (1963)  and  Lowe 
(1964),  was  followed  by  rapid  collapse  of  many  of  the  stricken  in- 
dividuals (see  de  Candolle  1852).  However,  as  in  the  case  of  the  1937 
freeze,  the  death  of  many  plants  did  not  become  evident  for  one  or 
more  years  after  the  freeze.  The  1962  freeze  also  damaged  plants  at 
Organ  Pipe  Cactus  National  Monument  where  we  observed  resulting 
severe  injury  to  senita  and  organpipe  cacti  as  well  as  to  other  cacti, 
elephant  trees  (Bursera  microphylla) ,  and  other  subtropical  shrubs. 

The  initial  response  of  saguaro  populations  to  the  freeze  of  January 
1971  is  described  by  Steenbergh  and  Lowe  (1976)  and  the  resulting  col- 
lapse of  saguaros  has  continued  into  1 974.  We  also  observed,  as  a  result 
of  the  1971  freeze,  damage  to  organpipe  and  senita  cacti  at  Organ  Pipe 
Cactus  National  Monument  and,  near  Tucson,  the  death  of  other  spe- 
cies of  cacti,  namely,  bisnaga  (Ferocactus  wislizeni)  and  the  chain-fruit 
cholla  {Opuntia  fulgida)  (Figs.  56-58).  In  the  Tucson  vicinity,  we  ob- 
served severe  damage  to  desert  ironwood  and  foothill  paloverde  that  in 
some  localities  resulted  in  the  subsequent  death  of  numerous  individuals 
of  both  species  (Fig.  58B). 

From  our  observations,  it  is  clear  that  the  population  fluctuations  of 
chain-fruit  cholla  populations  long  observed  by  many  ecologists  (see 
Tschirley  and  Wagle  1964)  and  similar  population  fluctuations  of  other 
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cactus  species  are  attributable  to  freezing.  Similarly,  it  is  probable  that 
several  of  the  vegetation  changes  noted  in  Hastings  and  Turner  ( 1 965 ) 
are  attributable  to  catastrophic  freezing. 

The  Outlook 

The  outlook  for  the  future  of  saguaros  at  Saguaro  National  Monu- 
ment is  not  an  optimistic  one.  Neither,  however,  does  it  conform  to  the 
grim  predictions  of  early  extinction  that  some  have  offered.  Barring  un- 
likely sudden  environmental  changes  in  the  habitats  of  its  major  occur- 
rence within  the  monument,  the  saguaro  will  continue  to  survive  long 
after  our  concern  with  the  question  is  terminated. 

There  are  today  thousands  of  young  saguaros  at  Saguaro  National 
Monument,  many  of  which  will  survive  beyond  a  human  lifetime.  Many 
more  of  these,  however,  will  perish  during  that  time.  Certainly,  there 
will  not  be  in  our  time— and  perhaps  never  again— a  return  to  the  condi- 
tion that  inspired  Homer  Shantz  (1932)  to  describe  it  as  the  finest  stand 
of  the  giant  saguaro  in  the  world. 

Generally,  even  in  the  absence  of  further  adverse  influences  of  man, 
we  can  expect  that  the  density  of  large  saguaros  in  most,  if  not  all, 
habitats  within  the  monument  will  be  lower  than  in  the  recent  past.  In 
some  habitats,  however,  we  can  expect  that  with  the  complete  elimina- 
tion of  livestock  grazing  an  increase  in  the  density  of  young  saguaros 
will  accompany  a  natural  regeneration  of  the  damaged  plant  communi- 
ties. 

Within  the  monument,  continuing  short-term  climatic  variations  can 
be  expected  to  produce  corresponding  fluctuations  of  saguaro  popula- 
tions but  not  to  cause  their  early  extirpation.  Generally,  this  will  effect 
changes  in  density,  with  unfavorable  winter  temperatures  eliminating 
young  plants  from  the  least  favorable  microsites. 

Here  at  the  cold-limited  margin  of  its  range,  saguaro  density  is  limited 
ultimately  by  the  number  of  available  sites  suitable  for  the  survival  of 
young  plants  during  critical  freezing  periods.  During  a  series  of  favor- 
able winters  when  there  are  no  prolonged  periods  of  subfreezing  tem- 
peratures, young  plants  will  become  established  in  relatively  large  num- 
bers, occupying  microhabitats  offering  varying  degrees  of  protection 
from  freezing.  The  subsequent  occurrence  of  a  catastrophic  freeze  will 
then  eliminate  those  individuals  that  become  established  on  relatively 
unprotected  sites.  The  survivors  will  be  those  occupying  sites  offering 
the  greatest  protection  from  freezing. 

The  number  of  sites  suitable  for  germination  and  initial  growth  of  the 
seedling  far  exceed  those  suitable  for  its  survival  through  the  first  winter 
of  life.  During  its  first  years  of  life,  the  probability  that  a  young  plant 
will  survive  is  dependent  mainly  upon  the  winter-cold  moderating  effec- 
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Fig.  55  A.  Recent  and  historic  evidence  of  a  saguaro  population  in  trouble.  The  sparsity  of 
small  and  intermediate-sized  saguaro s  in  this  population  at  Saguaro  National  Monument 
(east)  is  a  record  of  response  to  past  environments.  The  missing  size-classes  have  been 
eliminated  by  past  events,  namely,  catastrophic  freezes.  The  foreground  saguaro,  bearing 
its  last  crop  of  fruits-despite  the  death  of  the  lower  stem-nears  final  collapse  as  a  result 
of  lethal  freeze-caused  injuries  received  7  years  earlier  in  1962.  Photographed  30  June 
1969. 
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Fig.  55B.  Road-associated  1971  freeze-caused  saguaro  deaths,  Saguaro  National  Monu- 
ment (west).  Vulnerability  of  saguaros  to  freeze-caused  death  is  increased  by  proximity  to 
unpaved  roads.  The  greatest  extremes  of  low  temperatures  are  associated  with  high  rates  of 
nocturnal  re-radiation  from  large  areas  of  barren  earth. 

Drooping  arms  on  dying  saguaro  in  foreground  are  the  result  of  long  pre-existing 
freezing  injury.  Photographed  9  August  1971. 
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tiveness  of  its  physical  environment.  Further,  as  the  plant  increases  in 
size,  the  size  of  the  effective  microenvironment  needed  by  the  plant  also 
increases,  i.e.,  the  plant  grows  out  of  its  original  microenviron- 
ment— pebble,  dead  branch,  or  small  shrub.  Its  survival  then  depends 
upon  the  presence  of  a  larger  protective  canopy— a  rock,  larger  shrub, 
or  tree. 

As  the  cold-limited  boundaries  of  its  range  are  approached,  survival 
of  the  young  plant  to  the  age  of  first  flowering  is  increasingly  dependent 
upon  the  presence  of  multistoried  vegetation  or  massive  outcroppings  of 
rock.  Conversely,  it  may  be  observed  that  in  the  warmer  portions  of  its 
range,  in  southwestern  Arizona  and  in  Sonora,  the  saguaro  increasingly 
occurs  in  association  with  low  shrubs,  without  benefit  from  or  depen- 
dence upon  tree  canopy. 


Fig.  56A.  Jumping  cholla  (chain-fruit  cholla,  Opuntia  fulgida)  photographed  immediately 
following  critical  subfreezing  temperatures  in  January  1971.  At  that  time,  characteristic 
symptoms  of  freeze  damage -discolored,  watery  appearance  of  softened  fruits,  and  the 
drooping  terminal  joints-were  widely  evident.  Within  3  months  after  the  freeze,  all  but  a 
few  withered  joints  had  dropped  to  the  ground.  Compare  with  Fig.  56B.  Photographed  19 
January  1974. 
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Climatic  trends 

A  small  but  significant  climatic  change  toward  somewhat  warmer  and 
drier  conditions  is  "written"  into  diverse  records  (see  Kincer  1946;  Mc- 
Donald 1956;  Schulman  1956).  A  long  record  of  catastrophic  freezes 
accompanying  this  change  during  the  last  century  is  "written"  into  the 
existing  age-class  structure  of  the  saguaro  populations  in  the  northern 
portions  of  the  Sonoran  Desert,  and  indeed,  in  the  form  of  freeze- 
caused  scars,  in  the  plants  themselves. 

The  continued  occurrence  of  catastrophic  freezes  does  not,  as  it 
might  appear,  conflict  with  the  observed  trend  toward  "warmer  and 
drier  conditions"  previously  noted.  Rather,  there  may  be  an  overall 
trend,  at  least  in  this  region,  toward  an  increasingly  continental  climate, 
and  conversely,  a  decrease  in  the  maritime  influence  upon  the  climate 
of  the  region. 


Fig.  56B.  Rephotograph  of  the  cholla  shown  in  Fig.  56A,  taken  approximately  3  years 
after  lethal  freeze-caused  injury.  The  plant  is  dead.  Photographed  29  November  1973. 
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While  it  is  not  evident  in  this  stage  of  our  on-going  analysis  of  the 
freeze-scar  record  in  saguaro  populations  that  a  climatic  trend  is 
recorded  in  those  scars,  it  is  clear  that  recurring  catastrophic  freezes  are 
a  long-standing  characteristic  of  the  climatic  environment  of  this 
northern  portion  of  the  Sonoran  Desert.  Observed  changes  in  the  age- 
class  structure  of  these  populations  may  indicate  a  climatic  trend.  A 
continued  decline  of  these  saguaro  populations  would  suggest  a  shift 
toward  increasingly  frequent  and/or  severe  extremes  of  winter  cold.  In 
view  of  the  relatively  brief  length  of  the  climatic  record,  and  long  life 
span  of  the  saguaro — approximately  twice  the  length  of  the  climatic 
record — such  a  conclusion  is  highly  tenuous. 


Fig.  57 A.  Freeze-caused  injury  in  1971  to  organpipe  cactus  (Cereus  thurberi)  at  Organ 
Pipe  Cactus  National  Monument.  Pale  yellow  coloration  is  evidence  of  severe  injury  at  the 
stem  tip.  Resulting  constrictions  that  produce  "jointed"  stems  appear  on  nearly  every 
organpipe  cactus  in  this  northern  portion  of  its  range.  Investigations  of  organpipe  deaths 
within  the  Organ  Pipe  Cactus  National  Monument  reveal  that  the  damage  produced  by  the 
1971  freeze  was  lethal  to  a  substantial  number  of  individuals  in  that  population.  Similar 
injuries  and  the  subsequent  death  of  organpipe  cacti  (and  other  cold  sensitive  species)  were 
observed  following  the  catastrophic  freeze  in  January  1962.  Photographed  3  February 
1971. 
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Fig.  57B.  Freeze-caused  injury  in  1971  to  senita  cactus  (Cereus  schotti)  at  Organ  Pipe 
Cactus  National  Monument.  Constriction  below  the  blackened,  recently  frozen  tip  is  the 
result  of  a  previously  occurring  freeze.  Similar  injuries  to  stem  tips  were  observed 
immediately  following  the  severe  freeze  in  January  1962.  Photographed  3  February  1971. 
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Fig.  58A.  Freeze-killed  barrel  cactus  (Ferocactus  wislizeni)  in  1971  at  Saguaro  National 
Monument  (east).  Numerous  other  individuals  of  this  species,  not  killed,  received  some 
damage  to  tissues  on  the  upper  portion  of  the  plants.  All  species  of  barrel  cactus  are 
frost-sensitive.  The  catastrophic  freeze  of  January  1962  killed  more  barrel  cacti  than 
saguaros  on  some  sites  at  the  upper  edge  of  the  desert  (1070-1240  m;  3500-4000  ft 
elevation)  on  the  Santa  Catalina  and  Rincon  mountains  bordering  Tucson  on  the  north 
and  east,  respectively. 
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Fig.  58B.  Freeze-killed  foothill  paloverde  (Cercidium  microphyllwri)  in  1971  at  Saguaio 
National  Monument  (east).  In  addition  to  freeze-caused  deaths,  extensive  die-back  of  the 
foothill  paloverde  occurred  in  many  localities  in  southern  Arizona  and  adjacent  Sonora, 
Mexico,  following  the  severe  January  freezes  of  1962  and  1971.  In  the  Tucson  Mountains, 
similar  die-back  and  complete  kill  of  the  desert  ironwood  {Qlneya  tesota)  was  evident 
within  a  few  weeks  following  the  freezes.  Photographed  25  June  1974. 
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Population  trends 

.  .  .  on  passing  from  lower  to  higher  latitudes  or  altitudes  the  number  of 
consecutive  hours  of  freezing  becomes  gradually  greater  until  the  point  is 
reached  at  which  days  without  a  mid-day  thaw  are  first  encountered-  there  is 
then  a  sudden  rise  from  about  22  hours  of  frost  to  from  36  to  42  hours,  ac- 
cording as  the  fall  and  subsequent  rise  of  temperature  are  abrupt  or  gradual 
In  other  words  this  factor  is  unique  in  that  the  curve  expressing  its  changes  of 
intensity  possesses  a  sudden  vertical  rise,  or  indeed  a  number  of  such  rises. 
The  line  along  which  this  takes  place  in  the  severest  of  winters  is  bound  to  be 
an  important  limit  of  plant  distribution,  at  least  it  is  so  along  the  line  of  sud- 
den rise  which  lies  nearest  the  absolute  frost  line.— Forrest  Shreve,  "The  in- 
fluence of  low  temperatures  on  the   distribution  of  the  giant  cactus." 

Regardless  of  any  other  changes  that  may  occur,  this  statement  by 
Forrest  Shreve  describes  the  single  most  important  natural  environmen- 
tal factor — past,  present,  and  future— affecting  saguaro  populations  at 
Saguaro  National  Monument  and  elsewhere  in  the  colder  portions  of  its 
natural  distribution  in  Sonora  and  Arizona. 

Saguaro  populations  and  other  cold-limited  Sonoran  Desert  plant  spe- 
cies will  continue  to  be  controlled  by  recurring  catastrophic  freezes  (see 
Steenbergh  and  Lowe  1976).  Any  changes  in  the  frequency,  intensity, 
or  duration  of  these  recurring  catastrophic  freezes  will  result  in  a 
response  by  the  affected  populations.  Any  trend  in  these  populations 
will  follow  the  trend  of  those  particular  parameters  of  the  winter  climate 
that  exert  the  greatest  effect  on  the  youngest  members  of  the  plant 
populations. 

A  continued  trend  toward  an  increasingly  continental  climate  would 
be  accompanied  by  a  continued  response  in  saguaro  and  other  warm- 
desert  plant  populations  in  the  colder  portions  of  their  geographic  dis- 
tribution: ( 1  Shrinking  the  absolute  limits  of  their  occurrence  along  the 
cold-limited  boundaries  of  their  distribution;  (2)  eliminating  populations 
now  occupying  habitats  with  marginally  cold  winter  environments;  and 
(3)  reducing  the  density  of  populations  occupying  habitats  with  warmer, 
more  favorable  winter  environments.  In  each  instance  the  response 
would  decrease  along  an  environmental  gradient  from  the  coldest  to  the 
warmest  winter  environments  of  the  species'  distribution  and  as  the  dis- 
tributional limits  imposed  by  other  factors  are  approached. 

Our  grossly  inadequate  knowledge  either  of  climatic  trends  or  the 
long-term  dynamics  of  saguaro  populations,  however,  justifies  no  such 
long-term  projections  concerning  future  saguaro  populations. 

Long-term  climatic  trends,  however,  are  not  necessarily  the  only  or 
most  plausible  explanation  for  observed  changes  in  saguaro  populations. 
It  is  clear  that  the  dramatic  fluctuations  of  saguaro  populations  in  the 
colder  portions  of  their  range  that  have  been  observed  during  this  cen- 
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tury  are  unquestionably  attributable  to  catastrophic  freezes.  However, 
we  have  no  information  indicating  that  such  climatic  events  are  not  a 
long-standing,  "normal"  characteristic  of  the  regional  climate  that  has 
similarly  affected  many  past  generations  of  saguaros  in  the  same 
habitats  where  they  presently  occur. 

With  its  high  reproductive  potential  and  long  life  span,  the  saguaro  is 
well  adapted  to  maintain  itself  in  an  environment  in  which  occasional 
freezes  that  result  in  catastrophic  die-off  are  followed  by  regeneration  of 
the  population  during  intervening  periods  of  climatic  remission.  It  is  en- 
tirely possible  that  we  have  observed  in  these  saguaro  populations  but 
one  phase  of  the  normal  fluctuation  of  populations  whose  stability  must 
be  measured  not  in  years,  but  in  generations. 

It  may  well  be  that  the  "problem"  that  we  have  observed— the 
"decline"  of  specific  saguaro  populations — is  but  a  limitation  imposed 
by  our  life  span,  too  brief  to  permit  our  recognition  of  an  adaptive 
strategy  of  a  longer-lived  species  that  by  natural  selection  has  evolved  a 
near-perfect  system  for  survival  in  an  environment  of  recurring 
catastrophic  climatic  events.  If  that  likely  explanation  is  correct,  then 
the  real  "problem"  is  neither  in  biology  nor  management,  but  in  a 
limited  perspective,  and  the  only  "solution"  lies  in  the  perspective  of- 
fered by  the  time  scale  of  evolution. 
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Management  Recommendations 


The  choice  among  alternatives  for  management  of  the  saguaro  is  con- 
tingent upon  the  questions  of  purpose  and  significance.  The  available  al- 
ternatives fall  into  two  basic  categories  determined  either  by  ( 1 )  a  com- 
mitment to  an  arbitrary  and  idyllic  concept  of  nature  involving  con- 
trolled environments  and  cultivated  populations,  or  (2)  acceptance  of 
the  natural  response  of  these  populations  to  the  continuing  climatic  con- 
trol of  their  numbers  and  distribution. 

The  first  category  of  alternatives  would  create  an  artificial  environ- 
ment inconsistent  with  the  legislated  purpose  of  the  National  Park  Ser- 
vice, and  will  be  considered  no  further  here.  The  second  category  of  al- 
ternatives, however,  includes  a  powerful  opportunity  for  fulfillment  of 
the  National  Park  Service's  obligation  to  contribute  to  the  understand- 
ing* of  basic  ecological  relationships. 

Applicability 

Management  recommendations  offered  here  incorporate  and  supple- 
ment the  recommendations  contained  in  our  earlier  ( 1 976 )  report, 
Ecology  of  the  saguaro  I:  The  role  of  freezing  weather  in  a  warm-desert 
plant  population.  Although  developed  specifically  for  National  Park  Ser- 
vice consideration  for  application  to  the  management  of  saguaro  popu- 
lations within  Saguaro  National  Monument,  these  recommendations  and 
the  findings  upon  which  they  are  based  have  a  much  broader  applica- 
bility. Our  recommendations  apply  in  important  degree  to  the  manage- 
ment of  saguaros — and  other  warm-desert  plant  populations — at  Casa 
Grande  National  Monument,  Tonto  National  Monument,  and  Organ 
Pipe  Cactus  National  Monument. 

At  Organ  Pipe  Cactus  National  Monument,  many  of  the  recommen- 
dations are  specifically  applicable  to  the  management  of  the  senita 
{Cereus  schotti)  and  organpipe  {Cereus  thurberi)  cacti,  the  two  other 
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species  of  large  columnar  cacti  whose  distribution  extends  north  of  the 
United  States-Mexico  border. 

At  Organ  Pipe  Cactus  National  Monument,  the  organpipe  cactus,  less 
cold-tolerant  than  the  saguaro,  closely  approaches  the  cold-limited 
northern  and  eastern  boundaries  of  its  geographic  distribution.  The  even 
more  cold-sensitive  senita  reaches  the  absolute  limits  of  its  northern  dis- 
tribution within  the  monument  which  contains  the  entire  United  States 
population  of  approximately  500  plants. 

In  a  manner  similar  in  many  ways  to  that  of  the  saguaro  in  slightly 
colder  environments,  the  organpipe  cactus  and  the  senita  cactus  are 
responding  to  the  same  climatic  events — recurring  catastrophic  freezes. 
At  best,  the  future  of  these  populations  is  precarious,  and  the  National 
Park  Service  should  be  concerned  with  the  present  and  future  status  of 
these  populations,  and  as  well,  with  the  status  of  other  plant  species  that 
reach  or  closely  approach  the  northern  limits  of  their  distribution  within 
Organ  Pipe  Cactus  National  Monument.  Their  numbers  should  be  care- 
fully guarded,  and  their  continuing  status  closely  observed. 

Purpose,  Significance,  and  Ecological  Perspectives 

Whereas  a  certain  area  within  the  Catalina  Division  of  the  Coronado 
National  Forest  in  the  State  of  Arizona  and  certain  adjacent  lands  are  of 
outstanding  scientific  interest  because  of  the  exceptional  growth  thereon  of 
various  species  of  cacti,  including  the  so-called  giant  cactus,  it  appears  that 
the  public  interest  will  be  promoted  by  reserving  as  much  land  as  may  be 
necessary  for  the  proper  protection  thereof  as  a  national  monument. — 
Herbert  Hoover,  Presidential  Proclamation  of  1  Mar.  1933. 

Under  the  authority  of  the  Antiquities  Act  of  8  June  1906,  Saguaro 
National  Monument  was  set  aside  because  of  its  scientific  interest — 
specifically  for  the  intrinsic  interest  of  the  natural  vegetation  therein. 

The  primary  significance  of  Saguaro  National  Monument,  therefore, 
lies  in  the  natural  associations  of  the  vegetation  found  within  its  bound- 
aries. The  monument  includes  the  last  remaining  example  of  an  essen- 
tially undisturbed  continuum  of  natural  warm-desert  to  mountain-forest 
biotic  associations  in  the  southwestern  United  States.  The  singular  rar- 
ity of  this  resource  clearly  indicates  the  importance  of  maintaining  the 
integrity  of  the  natural  associations  and  relationships  within  Saguaro 
National  Monument. 

It  is  upon  consideration  of  (1)  the  legislated  purpose;  (2)  the  intrinsic 
natural  significance  of  the  area;  and  (3)  the  scientific  and  cultural  values 
of  the  resources  that  our  management  recommendations  are  based.  The 
instability  of  saguaro  populations  at  Saguaro  National  Monument  is  a 
natural  and  primary  characteristic  of  those  populations.  There  is  little  or 
nothing  that  can,  or  appropriately  should,  be  done  to  control  that  condi- 
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tion,  for  it  is  the  expression  of  the  naturally  evolved,  genetically  con- 
trolled response  of  the  species  to  natural  fluctuations  in  the  climatic 
environment.  Our  recommendations  are  directed  toward  the  develop- 
ment of  a  better  understanding  of  the  evolution  and  function  of  natural 
ecological  relationships,  and  to  the  reduction  or  elimination  of  past  and 
present  human  influences  upon  these  relationships.  It  is  within  the 
framework  of  the  foregoing  ecological  perspective  and  considerations  of 
purpose  and  significance  that  we  offer  the  following  management  recom- 
mendations: 


Exclude  developments  and  associated  intensive  use  from  highly  respon- 
sive, uncommon,  or  rare  habitats  and  natural  communities.  All  use  causes 
some  deterioration  of  saguaro  and  other  habitats.  The  question  of  what 
constitutes  an  acceptable  level  of  destruction  must  be  answered  with  every 
decision  to  accomodate  such  monument  use. 
1.     Reevaluate  programs  relating  to  roads — their  locations,  design,  con- 
struction or  reconstruction,  maintenance  practices,  and  public  use.  The 
physical  influence  of  the  roads  themselves,  road  maintenance  practices, 
and  public  activities  associated  with  road  use  destroy  or  degrade 
saguaro  habitat  and  contribute  to  the  death  of  adjacent  saguaros  and 
other  vegetation. 

A.  Eliminate  roads  and  associated  developments  from  high  density 
saguaro  stands  in  nonrocky  habitats.  Access  to  these  stands  can  be 
accomplished  by  the  development  of  high  standard  walking  trails 
originating  near  the  periphery  of  these  stands.  The  users  of  such 
trails  could  enjoy  the  benefit  of  the  more  intimate  experience  offered 
by  a  nonmechanized  environment. 

B.  Redesign  to  a  low  standard  and,  where  necessary,  relocate  and  pave 
roadways  for  public  use.  The  narrow,  unobtrusive  Cactus  Forest 
Drive,  constructed  with  minimum  disturbance  to  vegetation  and 
natural  drainage  patterns,  provides  an  excellent  model  for  the  design 
of  ecologically  compatible  and  aesthetically  pleasing  roadways.  The 
wide,  intensively  maintained  roads  of  the  Tucson  Mountain  section 
of  the  monument,  on  the  other  hand,  have  grossly  altered  natural 
drainage  patterns,  are  increasingly  deepening  erosion  channels,  and 
their  presence,  maintenance,  and  use  contribute  substantially  to  the 
deterioration  and  death  of  adjacent  vegetation. 

C.  Develop  a  program  of  minimal  maintenance  for  unpaved  roads. 
With  the  application  of  a  grader,  motor  vehicle  trails  that  have  been 
used  for  decades  without  significant  erosion  channels  now  require 
grading  with  ever-increasing  frequency.  Ditching  to  control  runoff 
further  establishes  erosion  channels  and  damages  the  root  systems 
of  adjacent  shallow-rooted  saguaros  and  other  plants. 
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D.  "De-construct"  rather  than  "obliterate"  abandoned  roadways.  The 
first — and  most  important — step  in  aiding  the  natural  regeneration  of 
vegetation  on  abandoned  roadways  is  the  restoration  of  natural  mi- 
crotopography  and  drainage  patterns.  In  some  instances  this  will  en- 
tail removal  of  berms  and  dikes,  recovery  of  fill,  refilling  of  cuts, 
and  replacement,  in  kind,  of  eroded  soil.  The  practice  of  scarifying, 
particularly  where  it  follows  the  slope,  can  contribute  to  further 
erosion  and,  at  best,  is  a  questionably  beneficial  practice.  "Pitting," 
used  in  preference  to  scarifying,  effectively  reduces  erosion  and 
creates  sites  favorable  for  natural  reestablishment  of  perennial  vege- 
tation. 

2.  Eliminate  picnic  areas  from  saguaro  habitats.  Soil  compaction,  destruc- 
tion of  vegetation,  wood-gathering,  vandalism,  and  removal  of  young 
saguaros  associated  with  these  developments  all  contribute  to  the  de- 
generation of  the  site  and  adjacent  habitat,  ultimately  leading  to  the 
death  of  existing  saguaros  and  precluding  the  germination,  establish- 
ment, and  survival  of  young  plants. 

3.  Limit  further  developments  within  saguaro  habitats  to  those  that  will 
not  attract  destructive  use  and  cannot  be  located  elsewhere. 

II.  Develop  management  programs  to  provide  more  effective  control  of  ac- 
tivities that  are  directly  destructive  to  natural  populations,  communities, 
and  habitats. 

1.  Control  uses  that  are  destructive  to  saguaro  habitat  such  as  off- 
pavement  vehicle  parking  and  off- trail  foot  and  horse  travel.  Where 
necessary,  provide  and  direct  the  use  of  appropriate  facilities  for  such 
activities. 

2.  Intensify  management  programs  to  control  increasing  vandalism  and 
removal  of  saguaros.  Old  plants  destroyed  will  not  be  replaced  in  a 
human  lifetime.  Young  plants  destroyed  are  those  few  that  have  sur- 
vived the  many  hazards  of  the  first  critical  years  of  life. 

III.  Continue  programs  to  eliminate  all  cattle-grazing.  Continuing  consump- 
tive use  by  these  exotic  animals  has  a  devastating  impact  upon  the  biotic  as 
well  as  the  aesthetic  environment.  Grazing  intensifies  detrimental  actions 
of  natural  environmental  factors. 

IV.  Continue  research  designed  to  obtain  basic  information  on  population  and 
community  dynamics  and  institute  new  programs  to  facilitate  related 
studies. 

1.  Continue  on-going  saguaro  population  studies  and  institute  additional 
studies  on  related  communities.  The  response  of  saguaro  populations 
and  the  associated  biotic  communities — past,  present,  and  future — 
provide  a  valuable  measure  of  climatic  change  and  the  resulting  effects. 

2.  Institute  additional  studies  to  inventory  and  estimate  the  status  and 
trend  of  saguaro  populations  and  other  key  species  in  characteristic  and 
topographically  dissimilar  habitats. 
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3.  Establish  weather  stations  and  maintain  accurate  and  consistent  weather 
records,  using  standard  calibrated  instruments  and  recognized  proce- 
dures. Lack  of  reliable  on-site  climatic  data  has  been  a  major  handicap 
in  efforts  to  relate  environmental  factors  to  saguaro  population  changes. 

4.  Map  and  identify  all  transplanted  saguaros  surviving  from  previous 
research  activities.  The  absence  of  such  identification  precludes  the 
obtaining  of  accurate  information  on  natural  survival  at  those  locations. 

V.  Encourage  and  facilitate  nondestructive  independent  scientific  research 
activities  appropriate  to  the  purpose  and  significance  of  the  area. 

VI.  Incorporate  research  findings  into  the  interpretive  program,  stressing 
natural  evolution  and  physical  environment  in  relation  to  natural  popula- 
tions and  communities. 

VII.  Allow  continuation  of  natural  regenerative  processes  in  saguaro  habitats 
from  which  adverse  use  has  been  eliminated.  Avoid  interference  with  these 
processes  by  avoiding  the  introduction  of  horticultural  and  other  programs 
that  will  unbalance  on-going  natural  recovery  of  deteriorated  habitats. 
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National  Park  Service,  Cooperative  National  Park  Resources 
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Preface 

This  bibliography  is  a  revision  of  "The  saguaro  giant  cactus:  A  bib- 
liography" Steenbergh  (1974),  and  includes  titles  that  have  come  to  our 
attention  since  that  bibliography  was  originally  compiled  in  1972. 

Since  the  time  of  their  first  arrival  in  the  Sonoran  Desert,  explorers 
and  naturalists  have  been  intrigued  by  the  saguaro  giant  cactus  (Cereus 
giganteus  Engelm.,  Carnegiea  gigantea  [Engelm.]  Britt.  and  Rose).  As 
a  major  plant  dominant  in  this  subtropical  desert,  the  saguaro  has  been 
the  subject  of  continuing  observations  and  reports,  and  in  many  ways  it 
has  proved  to  be  an  excellent  organism  for  experimental  research. 

We  offer  here  a  compilation  of  references  that  have  come  to  our 
attention  in  the  course  of  our  investigations  on  the  ecology  of  the 
saguaro  for  the  use  of  researchers,  interpreters,  natural  resource  mana- 
gers, and  others  who  have  an  interest  in  the  extensive  literature  on  the 
saguaro. 

We  have  endeavored  to  provide  a  comprehensive  list  of  the  scientific 
literature  on  the  saguaro.  In  addition,  we  have  included  selected  histori- 
cal and  nontechnical  reports  containing  original  observations  on  the 
species. 

The  list  also  includes  a  selected  representation  of  the  numerous  more 
recent,  nontechnical  and  interpretive  articles  that  have  appeared  in 
popular  magazines.  We  have  not,  however,  attempted  to  provide  a  com- 
prehensive compilation  of  such  titles. 
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An  asterisk  indicates  references  that  we  have  been  unable  to  obtain 
for  examination  but  which  seem  likely  to  contain  basic  information  or 
interesting  commentary. 

The  literature  on  the  saguaro  is  widely  scattered  and  may  well  include 
important  references  that  we  have  overlooked.  The  authors  will  greatly 
appreciate  advice  of  any  such  omissions  that  may  be  recognized  by  the 
users  of  this  bibliography. 

Acknowledgments 

The  development  of  this  bibliography  has  depended  heavily  upon  the 
efforts  of  numerous  organizations  and  individuals.  These  importantly  in- 
clude Mary  Sherman  Caldwell,  Patricia  Paylore,  and  other  members  of 
the  staff  of  the  University  of  Arizona  Office  of  Arid  Lands  Studies  who 
generously  shared  information  resulting  from  their  research. 

We  are  grateful  to  the  staff  members  of  the  University  of  Arizona 
Reference  Library  who  were  always  ready  to  provide  helpful  suggestions 
in  our  search  for  material  which  proved  difficult  to  locate. 

We  thank  Charles  H.  Lowe  for  directing  our  attention  to  numerous 
important  references  that  he  has  identified  during  the  course  of  his  con- 
tinuing investigations  on  the  ecology  of  the  saguaro  cactus. 

We  are  indebted  to  Larry  W.  Mitich  and  Jan  G.  Bruhn  for  generously 
allowing  us  to  examine  a  prepublication  draft  of  their  independently 
developed  bibliography  on  the  saguaro  cactus,  for  calling  our  attention 
to  references  not  included  in  the  original  edition  of  this  bibliography  on 
the  saguaro,  and  for  providing  copies  of  difficult  to  obtain  publications. 

The  assistance  of  the  superintendents  and  staff  members  of  Saguaro 
and  Organ  Pipe  Cactus  national  monuments  is  gratefully  acknowledged. 
To  the  National  Park  Service,  we  are  indebted  for  the  support  of  this 
project. 

Sources 

An  extensive  literature  search  for  reference  citations  included,  but 

was  not  limited  to,  the  following  source  material: 

Bibliography  of  Agriculture,  vol.  1,  July-December  1942  through  vol.  37,  no.  9, 
September  1973. 

Biological  Abstracts,  vol.  1,  1927  through  vol.  56,  no.  3,  August  1973. 

Botanical  Abstracts,  vol.  I  through  XV. 

Botany  Subject  Index,  October  1958. 

Cactus  Succulent  Journal,  July  1929  to  May  1974. 

Official  Files,  Saguaro  National  Monument. 

Publications  Related  to  the  Work  of  the  Desert  Botanical  Laboratory  of  the 
Carnegie  Institution  of  Washington,  1903-1940.  Compiled  under  the  direction 
of  W.  G.  McGinnies  with  the  assistance  of  Patricia  Paylore  and  Karin 
Metrock.  Office  of  Arid  Lands  Studies,  University  of  Arizona,  Tucson,  1968. 

Seventy-five  Years  of  Arid  Lands  Research  at  the  University  of  Arizona.  A 
Selective  Bibliography,  1891-1965.  Compiled  by  Patricia  Paylore. 


Appendix  II         225 

Agurell,  S.,  J.  G.  Bruhn,  and  K.  Sheth.  1972.  Structure  and  biosynthesis  of  al- 
kaloids in   Carnegiea  gigantea.   Part  I.    Pages   275-278   In   4th   Int.   Symp. 

Biochem.  Physiol.  Alkaloide,  25-28  June  1969.  Abh.  Deut.  Akad.  Wiss.  Berlin. 
Alcorn,  S.  M.  1961a.  Natural  history  of  the  saguaro.  Univ.  Arizona  Arid  Lands 

Colloq.  1959-60/1960-61:23-29. 
Alcorn,  S.  M.   1961b.  Some  hosts  of  Erwinia  camegieana.  Plant  Dis.  Rep. 

45(8):587-590. 
Alcorn,    S.    M.    1966.    The   saguaro    cactus   in    Arizona.    Am.    Hort.    Mag. 

45(3):286-295. 
Alcorn,  S.  M.,  and  E.  B.  Kurtz,  Jr.  1959.  Some  factors  affecting  the  germina- 
tion  of  seed   of  the    saguaro    cactus    {Carnegiea   gigantea).    Am.   J.    Bot. 

46(7):526-529. 
Alcorn,  S.  M.,  and  C.  May.  1962.  Attrition  of  a  saguaro  forest.  Plant  Dis.  Rep. 

46(3):156-158. 
Alcorn,  S.  M.,  S.  E.  McGregor,  and  G.  Olin.  1961.  Pollination  of  saguaro 

cactus     by     doves,     nectar-feeding     bats,     and     honey     bees.     Science 

133(3464):1594-1595. 
Alcorn,  S.  M.,  S.  E.  McGregor,  G.  D.  Butler,  Jr.,  and  E.  B.  Kurtz,  Jr.  1959. 

Pollination  requirements  of  the  saguaro  (Carnegiea  gigantea).  Cactus  Succu- 
lent J.  31(2):39-41. 
Allen,  M.  J.   1932.  A  study  of  the  pubescence  of  cacti.  M.S.  Thesis.  Univ. 

Arizona,  Tucson.  45  pp. 
Anonymous.  1899.  Cereus  giganteus  cristatus.  Cactus  J.  2:84. 
Anonymous.  1902.  A  wonderful  plant  doomed.  Plant  World  5: 12-1 3. 
Anonymous.  1909.  Cereus  giganteus.  Tribune  Hort.  (Paris)  4:243,  250. 
Anonymous.   1910.  The  plant  life  of  the  Arizona  desert.  Scot.  Geogr.  Mag. 

26(1):9-17. 
Anonymous.  1922.  The  giant  cactus.  Mo.  Bot.  Gard.  Bull.  10:1 17-1 18;  pi.  17. 
Anonymous.    1941.    Government    wages    war    on    mysterious    germ    killing 

Arizona's  giant  cactus.  Life  Mag.  ll(24):38-39. 
Anonymous.    1963.  The  saguaro:  Pronounced  sa-war-o:   (Cereus  giganteus). 

Pages  6-7  in  Desert  vegetation  around  Tucson,  Arizona.  Tucson  Chamber  of 

Commerce  Service  Bull. 
Backeberg,  C.  1950.  Nova  genera  et  subgenera.  Cactus  Succulent  J.  22(5):  153- 

154. 
Bardsley,  W.  A.  1957.  Will  science  save  the  saguaro?  Pac.  Discovery  10(3  ):24- 

29. 
Baxter,  D.  V.  1940.  Some  resupinate  polypores  from  the  region  of  the  Great 

Lakes.  XII.  Pap.  Mich.  Acad.  Sci.  Arts  Lett.  26:107-122;  7  pi. 
Baxter,  E.  M.  1932.  California  cacti:  Carnegiea  gigantea— giant  cactus.  Cactus 

Succulent  J.  3(8):  1 34-1 35. 
Beatty,  L.  D.    1955.  Autecology  of  the  longnose  bat,  Leptonycteris  nivalis 

(Saussure).  M.S.  Thesis.  Univ.  Arizona,  Tucson.  51  pp. 
Benson,  L.  1940.  The  cacti  of  Arizona.  Univ.  Ariz.  Biol.  Sci.  Bull.  5.  134  pp. 
Benson,  L.  1950.  The  cacti  of  Arizona.  2nd  ed.  Univ.  Arizona  Press,  Tucson. 

134  pp.;  29  plates. 
Benson,  L.  1969.  The  cacti  of  Arizona.  3rd  ed.  Univ.  Arizona  Press,  Tucson. 

218  pp. 
Berry,  J.  W.,  and  C.  Steelink.  1961.  Chemical  constituents  of  the  saguaro. 

Univ.  Arizona  Arid  Lands  Colloq.  1959-60/1960-61:39-45. 
Berry,  J.  W.,  A.  Ho,  and  C.  Steelink.    1960.  Constituents  of  the  saguaro 

(Carnegiea  gigantea).  I.  Proximate  analysis  of  the  woody  tissues.  J.  Org.  Chem. 

25:1267-1268. 


226        Ecology  of  the  Saguaro 


Bessey,  C.  E.   1914.  Stamens  and  ovules  of  Carnegiea  gigantea.  Science,  n.s. 

40:680. 
Bigelow,  J.,  Jr.  1887.  After  Geronimo.  Installment  XIII.  Outing  9(6):5 15-525. 
Bigelow,  J.,  Jr.  1958.  On  the  bloody  trail  of  Geronimo.  Westernlore  Press.  Los 

Angeles,  Calif.  237  pp. 
Bingham,  S.  B.  1963.  Vegetation-soil  relationships  in  two  stands  of  the  Cercidi- 

um-Carnegiea  community  of  the  Sonoran  Desert.  M.S.  Thesis.  Univ.  Arizona, 

Tucson.  84  pp. 
Blanc,  A.  1890.  A  wonderland  of  cactuses.  Am.  Gard.  ll(9):526-530. 
Blanc,  A.  1891.  Hints  on  cacti.  Philadelphia,  Pa.  112  pp. 
Blumer,    J.    C.    1909.    Observations    on    cacti    in    cultivation.    Plant    World 

12(7):  162- 164. 
Blydenstein,  J.,  C.  R.  Hungerford,  G.  I.  Day,  and  R.  R.  Humphrey.  1957.  Ef- 
fect of  domestic  livestock  exclusion  on  vegetation  in  the  Sonoran  Desert. 

Ecology  38:522-526. 
Bonker,  F.,  and  J.  J.  Thornber.  1930.  The  sage  of  the  desert  and  other  cacti. 

The  Stratford  Co.,  Boston,  Mass.  106  pp. 
Booth,  J.  A.  1964.  An  investigation  of  a  saguaro  seedling  disease.  Ph.D.  Thesis. 

Univ.  Arizona,  Tucson.  63  pp. 
Booth,  J.  A,  and  S.  M.  Alcorn.   1959.  Seedling  rot  of  Carnegiea  gigantea 

(Engelm.)  Britt.  &  Rose  caused  by  Fusarium  spp.  Plant  Dis.  Rep.  43(9):  1038- 

1041. 
Boyle,  A.  M.  1948.  Further  studies  of  the  bacterial  necrosis  of  the  giant  cactus. 

Ph.D.  Thesis.  Univ.  Arizona,  Tucson.  40  pp. 
Boyle,  A.  M.  1949.  Further  studies  of  the  bacterial  necrosis  of  the  giant  cactus. 

Phytopathology  39(  12):  1029-1052. 
Britton,  N.  L.,  and  J.  N.  Rose.  1908.  A  new  genus  of  Cactaceae.  N.Y.  Bot. 

Gard.  J.  9(107):  185-188. 
Britton,  N.  L.,  and  J.  N.  Rose.  1919-23.  The  Cactaceae:  Descriptions  and 

illustrations  of  plants  of  the  cactus  family.  Carnegie  Inst.  Wash.  Publ.  248.  4 

vols.  (Reprinted  1963  by  Dover  Publisher,  New  York,  2  vols.) 
Brown,  J.  G.  1953.  Antibiotics  in  relation  to  some  bacterial  diseases  of  plants. 

Proc.  Seventh  Int.  Bot.  Congr.,  Stockholm,  July  12-20,  1950:449. 
Brown,  J.  G.,  and  A.  M.  Boyle.  1944.  Effect  of  penicillin  on  a  plant  pathogen. 

Phytopathology  34:760-761;  photos. 
Brown,  J.  G.,  and  M.  M.  Evans.  1933.  The  natural  occurrence  of  crown  gall  on 

the  giant  cactus,  Carnegiea  gigantea.  Science  78(2017):  167-168. 
Brown,  J.  G.,  L.  S.  Gill,  P.  C.  Lightle,  and  D.  M.  Heep.   1942.  Bacterial 

necrosis  of  the  giant  cactus  (Carnegiea  gigantea).  Phytopathology  32(1):21. 

(Abstr.) 
Brown,  S.  D.,  J.  L.  Massingill,  Jr.,  and  J.  E.  Hodgkins.  1968.  Cactus  alka- 
loids. Phytochemistry  7:2031-2036. 
Brown,  S.  D.,  J.  E.  Hodgkins,  J.  L.  Massingill,  Jr.,  and  M.  G.  Reinecke. 

1972.  The  isolation,  structure,  synthesis,  and  absolute  configuration  of  the 

cactus  alkaloid  gigantine.  J.  Org.  Chem.  37(  1 1  ):1 825-1 828. 
Bruhn,  J.  G.  1971.  Carnegiea  gigantea:  The  saguaro  and  its  uses.  Econ.  Bot. 

25(3):320-329. 
Bruhn,  J.  G.,  U.  Svensson,  and  S.  Agurell.  1970.  Biosynthesis  of  tetrahydro- 

isoquinoline  alkaloids  in  Carnegiea  gigantea  Br.  &  R.  Acta  Chem.  Scand. 

24(10):3775-3777. 
Brum,  G.  D.,  Jr.  1972.  Ecology  of  the  saguaro  (Carnegiea  gigantea):  Phenology 

and  establishment  in  marginal  populations.  M.S.  Thesis.  Univ.  California, 

Riverside.  42  pp. 


Appendix  II        227 

Bryan,  W.  C.   1951.  Bacterial  rot  of  giant  cactus  (Cereus  giganteus).  Plants 

Gard.  7(2):  146-148. 
Burgess,  R.  L.   1961.  The  phytosociological  measurement  of  giant  saguaro 

Ecol.  Soc.  Am.  Bull.  42(1):  157.  (Abstr.  of  15-min.  talk) 
Butler,  G.  D.,  Jr.,  and  P.  H.  Johnson.  1969.  The  development  of  Cactobrosis 

fernaldialis  and  Albareda  parabates  in  relation  to  temperature  (Lepidoptera: 

Pyralidae).  Pan-Pac.  Entomol.  45:266-269. 
Butler,  G.  D.,  Jr.,  and  F.  G.  Werner.  1965.  Light-trap  records  of  three  cactus- 
eating  moths  in  Arizona  (Lepidoptera:  Pyralidae,  Phycitinae).  Pan-Pac.  En- 
tomol. 41:10-12. 
Caldwell,  R.L.  1966.  A  biochemical  investigation  of  callus  tissue  in  the  saguaro 

cactus  (Carnegiea  gigantea  ((Engelm.))  Brit,  and  Rose).  Ph.D.  Thesis.  Univ. 

Arizona,  Tucson.  121  pp. 
Cannon,    W.    A.    1906.    Biological    relations    of   certain    cacti.    Am.    Nat. 

40(469):27-47. 
Cannon,  W.  A.  1908.  The  topography  of  the  chlorophyll  apparatus  in  desert 

plants.  Carnegie  Inst.  Wash.  Publ.  98,  pt.  1.  42  pp. 
Cannon,  W.  A.  1909.  The  root  system  of  Cereus  giganteus.  Pages  59-66  in  V. 

M.  Spalding,  Distribution  and  movements  of  desert  plants.  Carnegie  Inst. 

Wash.  Publ.  113. 
Cannon,  W.  A.  1911.  The  root  habits  of  desert  plants.  Carnegie  Inst.  Wash. 

Publ.  131.96  pp. 
Cannon,  W.  A.  1912.  Some  features  of  the  root-systems  of  the  desert  plants. 

Popular  Sci.  81:90-99. 
Carroll.  1895.  Cereus  giganteus.  Baltimore  Cactus  J.  1(8):67. 
Castetter,  E.  F.,  and  W.  H.  Bell.  1937.  Ethnobiological  studies  in  the  Amer- 
ican Southwest.  IV.  The  aboriginal  utilization  of  the  tall  cacti  in  the  American 

Southwest.  Univ.  New  Mexico  Bull.  307: 1-27. 
Cater,  M.  B.   1944.  Roosting  habits  of  martins  at  Tucson,  Arizona.  Condor 

46(l):15-18;2figs. 
Choudhury,  A.  M.   1971.  Total  synthesis  of  (±)-gigantine  and  its  O-methyl 

ether.  Chem.  Ind.  (Lond.)  21:578. 
Cooper,  J.  G.  1895.  On  the  distribution  of  the  forests  and  trees  of  North  Amer- 
ica, with  notes  on  its  physical  geography.  Pages  246-280  in  Annual  Rep. 

Smithsonian  Inst,  for  the  year  1858.  Washington,  D.C. 
Cooper,  J.  W.  1 964.  Genetic  and  cytological  studies  of  Drosophila  nigrospiracu- 

la  in  the  Sonoran  Desert.  M.S.  Thesis.  Univ.  Arizona,  Tucson,  40  pp. 
Cross,  S.  P.,  and  W.  Huibregtse.   1964.  Unusual  roosting  site  of  Eptesicus 

fuscus.  J.  Mammal.  45(4):628. 
Cruse,  R.  [R.]  1949.  A  chemurgic  survey  of  the  desert  flora  in  the  American 

Southwest.  Econ.  Bot.  3(2):1 1 1-131. 
Cruse,  R.  R.   1959.  Recent  highlights  in  the  chemurgy  of  xerophytic  plants. 

Econ.  Bot.  13:243-260. 
Cutak,  L.  1934.  The  passing  of  the  saguaro  {Carnegiea  gigantea)  at  the  garden. 

Mo.  Bot.  Gard.  Bull.  22:185-186;  pi.  53. 

Cutak,  L.  1939.  Sacred  tree  of  the  Papago  Indians.  Mo.  Bot.  Gard.  Bull.  27:197- 

201;  pi.  40,41. 
Cutak,  L.  1945.  The  night-blooming  cereus  and  its  allies.  Cactus  Succulent  J. 

17(9):1-16;  15  figs.  (Reprinted  from  Mo.  Bot.  Gard.  Bull.  33(5).  1945) 
Davidson,  R.  W.,  and  J.  L.  Mielke.  1947.  Fomes  robustus,  a  heart-rot  fungus  on 

cacti  and  other  desert  plants.  Mycologia  39(2):210-217. 


228        Ecology  of  the  Saguaro 


Despain,  D.  G.  1967.  The  survival  of  saguaro  (Carnegiea  gigantea)  seedlings  on 

soils  of  differing  albedo,  cover,  and  temperature.  M.S.  Thesis.  Univ.  Arizona, 

Tucson.  57  pp. 
Despain,  D.  G,  L.  C.  Bliss,  and  J.  S.  Boyer.  1970.  Carbon  dioxide  exchange  in 

saguaro  seedlings.  Ecology  5 1  ( 5 )  :9 1 2-9 1 4. 
Devys,  M.,  A.  Alcaide,  F.  Pinte,  and  M.  Barbier.  1970.  Nor-31  cyclo  artenol 

in  the  pollen  of  the  cactus  Carnegiea  gigantea  (Engelm.)  Britt.  and  Rose. 

Tetrahedron  Lett.  1970(53 ):462 1-4622. 
Diguet,  L.  1928.  Les  cactacees  utiles  du  Mexique.  Arch.  Hist.  Nat.  Paris.  Vol.  4. 
Dodge,  N.  N.  1945.  A  green  Goliath  meets  its  desert  David.  Nat.  Hist.  54:260- 

263,  290. 
Dodge,  N.  N.  1957.  Saguaro  National  Monument,  Arizona,  U.S.  Dept.  Int.  Natl. 

Park.  Serv.  Nat.  Hist.  Handbook  Ser.  4.  Govt.  Printing  Office,  Washington, 

D.C.  64  pp. 
[Earle,  W.H.]  1958.  Nomenclature  of  the  saguaro.  Saguaroland  Bull.  12(5): 54- 

55. 
Earle,  W.  H.  1963.  Cacti  of  the  Southwest.  Desert  Bot.  Gard.  Ariz.  Sci.  Bull.  4. 

112  pp. 
Engelmann,  G.  1848.  A  letter.  Pages  155-159  in  Lt.  Col.  W.  H.  Emory,  Notes 

of  a  military  reconnoissance  from  Fort  Leavenworth,  in  Missouri,  to  San 

Diego,  in  California,  including  part  of  the  Arkansas,  Del  Norte  and  Gila 

rivers.  30th  Congr.,  1st  Session,  House  Rep.  Ex.  Doc.  No.  41. 
Engelmann,  G.  1852.  Notes  on  the  Cereus  giganteus  of  south  eastern  Califor- 
nia, and  some  other  Californian  Cactaceae.  Am.  J.  Sci.  Arts.  II  14:335-339, 

446. 
Engelmann,  G.    1854a.   Further  notes  on  Cereus  giganteus  of  southeastern 

California,  with  a  short  account  of  another  allied  species.  Am.  J.  Sci.  Arts.  II 

17:231-235. 
Engelmann,  G.  1854b.  Fernere  Bemerkungen  uber  Cereus  giganteus  von  Su- 

dost-Californien,  mit  einen  kurzen  Bericht  uber  eine  andere  verwandte  Art 

von  Sonora.  Bot.  Zt.  1854:616-620. 
Engelmann,  G.  1854-55.  Cereus  giganteus  et  C.  thurberi.  Flore  des  Serres  et  des 

Jardins  de  V Europe.  10:24,  26,  29-30. 
Engelmann,  G.  1857.  Synopsis  of  the  Cactaceae  of  the  Territory  of  the  United 

States  and  adjacent  regions.  Proc.  Am.  Acad.  Arts  Sci.  3:259-31 1. 
Engelmann,  G.   1859.  Cactaceae  of  the  boundary,  78  pp.  In  Report  on  the 

United  States  and  Mexican  Boundary  Survey  made  under  the  direction  of  the 

Secretary  of  the  Interior  by  William  H.  Emory.  Vol.  2.  34th  Congr.,  1st  Ses- 
sion, House  Rep.  Ex.  Doc.  No.  135.  Washington,  D.C. 
Engelmann,  G.  1862-65.  Cereus  giganteus.  Flore  des  Serres  et  des  Jardins  de 

r  Europe.  15:187-190. 
Farb,  P.,  and  the  Editors  of  Life.  1964.  Northwest  from  Mexico.  Pages  51-60 

in  Peter  Farb  and  Editors  of  Life,  The  land  and  wildlife  of  North  America. 

Life  Nature  Library.  Time,  Inc.,  New  York. 
Felger,  R.  S.,  and  M.  B.  Moser.  1974.  Columnar  cacti  in  Seri  Indian  culture. 

Kiva  39(3/4):257-275. 
Fellows,  D.  P.,  and  W.  B.  Heed.  1972.  Factors  affecting  host  plant  selection  in 

desert-adapted  cactiphilic  Drosophila.  Ecology  53(5):850-858. 
Field,  A.  A.  1 902.  Cereus  giganteus.  Am.  Bot.  4:4-6. 
Frye,  E.  M.  1938.  Curious  plants  from  the  waysides  of  the  Southwest.  Cactus 

Succulent  7.  9(8):127-132. 
Gentry,  H.  S.  1942.  Rio  Mayo  plants.  A  study  of  the  flora  and  vegetation  of  the 

valley  of  the  Rio  Mayo,  Sonora.  Carnegie  Inst.  Washington,  Publ.  527:1-316. 


Appendix  II         229 

Gilbertson,  R.  L.,  and  E.  R.  Canfield.  1972.  Porta  carnegiea  and  decay  of 
saguaro  cactus  in  Arizona.  Mycologia  64(6):  1 300- 1311. 

Gill,  L.  S.  1942.  Death  in  the  desert.  Nat.  Hist.  50(  1  ):22-26. 

Gill,  L.  S.  1951.  Mortality  in  the  giant  cactus  at  Saguaro  National  Monument, 
1941-1950.  Saguaro  National  Monument  Headquarters  (Tucson,  Arizona), 
Official  Rep.,  5  pp.;  2  tables;  1  fig. 

Gill,  L.  S.,  and  P.  C.  Lightle.  1942.  Cactus  disease  investigations.  Saguaro  Na- 
tional Monument  Headquarters  (Tucson,  Arizona),  Official  Rep.,  40  pp,;  9  ta- 
bles; 1 5  figs. 

Gill,  L.  S.,  and  P.  C.  Lightle.  1946.  Analysis  of  mortality  in  saguaro  cactus. 
Saguaro  National  Monument  Headquarters  (Tucson,  Arizona),  Official  Rep., 
4  pp.;  11  tables. 

Graf,  P.  A.  1965.  The  relationship  of  Drosophila  nigrospiracula  and  Erwinia  car- 
negieana  to  the  bacterial  necrosis  of  Carnegiea  gigantea.  M.S.  Thesis.  Univ. 
Arizona,  Tucson.  74  pp. 

Gray,  F.  A.   1972.  Control  bacterial  necrosis  of  saguaro.  Coop.  Ext.  Serv., 

Arizona  Garden  Guides  No.  1/72-13,  Univ.  Arizona,  Tucson.  Single-leaf  han- 
dout, n.p.  (Replaced  by  circular  Q-231 ) 
Greene,  R.  A.  1936.  The  composition  and  uses  of  the  fruit  of  the  giant  cactus 

(Carnegiea  gigantea)  and  its  products.  J.  Chem.  Educ.  13(7):309-312. 
Guerre,  C.  L.  1972.  Saguaro  survivors.  Frontiers  Mag.  36(3):  16-21. 
Gustafson,  F.  G.  1932.  Anaerobic  respiration  of  cacti.  Am.  J.  Bot.  19:823-834. 
Gustafson,  F.  G.  1934.  Athylalkohol  und  Acetaldehyd  in  gewissen  Arten  von 

Kakteen.  Biochem.  Zh.  272:172-179. 
Harshberger,  J.  W.  1926.  The  sahuaro,  or  giant  cactus.  General  Mag.  Hist. 

Chron.  28:122-125;  6  figs. 
Hastings,  J.  R.   1961.  Precipitation  and  saguaro  growth.  Univ.  Arizona  Arid 

Lands  Colloq.  1959-60/1960-61:30-38. 
Hastings,  J.  R.  1963.  Historical  changes  in  the  vegetation  of  a  desert  region. 

Ph.D.  Thesis.  Univ.  Arizona,  Tucson.  456  pp.;  photos. 
Hastings,  J.  R.,  and  S.  M.  Alcorn.  1961.  Physical  determinations  of  growth 

and  age  in  the  giant  cactus.  J.  Ariz.  Acad.  Sci.  2(  1  ):32-39. 
Hastings,  J.  R.,  and  R.  M.  Turner.  1965.  The  changing  mile:  An  ecological- 
study  of  vegetation  change  with  time  in  the  lower  mile  of  an  arid  and  semiarid 

region.  Univ.  Arizona  Press,  Tucson.  317  pp. 
Hastings,  J.  R.,  R.  M.  Turner,  and  D.  K.  Warren.  1972.  Carnegiea  gigantea. 

Page  62  in  J.  R.  Hastings,  R.  M.  Turner,  and  D.  K.  Warren,  An  atlas  of  some 

plant  distributions  in  the  Sonoran  Desert.  Univ.  Ariz.  Inst.  Atmos.  Phys.  Tech. 

Rep.  Meteorol.  Climatol.  Arid  Regions  No.  21. 
Heinrich,  C.   1939.  The  cactus-feeding  Phycitinae.   1.  Cactobrosis  fernaldialis 

(Hulst).  Proc.  U.S.  Natl.  Mus.  86:396-397. 
Heit,  C.  E.  1970.  Laboratory  germination  of  barrel  and  saguaro  cactus  seeds 

(Ferocactus  wislizeni,  Cereus  giganteus,  Carnegiea  gigantea).  Assoc.  Off.  Seed 

Anal.  News  Letter  44(4);1 1-15. 
Hemenway,  A.  F.  1934.  An  anatomical  study  of  traumatic  and  other  abnormal 

tissues  in  Carnegiea  gigantea.  Am.  J.  Bot.  21(9):5 1 3-5 1 8. 
Hemenway,  A.  F.,  and  M.  J.  Allen.  1936.  A  study  of  the  pubescence  of  cacti. 

Am.  J.  Bot.  23(2):  139- 144. 
Hemsley,  W.  B.  1879-88.  Biologia  Centrali- Americana.  F.  D.  Godman  and  O. 

Salvin,  eds.  Botany  Vol.  1.  476  pp.  R.  H.  Porter,  and  Dulau  &  Co.,  London.  5 

vols. 
Herbert,  L.  W.  1960.  Antibiotics  for  sick  saguaros.  Westways  Sliiy.ll-l'i . 


230        Ecology  of  the  Saguaro 


Heyl,  G.  1928.  Uber  das  Alkaloid  von  Carnegiea  gigantea  (Engelm.)  Britt.  und 

Rose  (Cereus  giganteus  Engelm.).  Arch.  Pharm.,  Berlin  266:668-673. 
Ho,  H.  A.  1960.  Chemical  constituents  of  the  saguaro  {Carnegiea  gigantea,  Br. 

and  R.).  M.S.  Thesis.  Univ.  Arizona,  Tucson.  55  pp. 
Hodge,  C.  1969.  Monarch  of  the  desert:  Saguaro.  Ariz.  Highways  45(1):8-11, 

29-35. 
Hodgkins,  J.  E.,  S.  D.  Brown,  and  J.  L.  Massingill.  1967.  Two  new  alkaloids 

in  cacti.  Tetrahedron  Lett.  1 967(  1 4):  1 32 1  - 1 324. 
Hoffmanova,  E.*  1966.  Cactus  saguaro.  Ziva  (Cz)  14(6):214-216. 
Hooker,  J.  D.  1892.  Cereus  giganteus.  Curtis'  Bot.  Mag.  Vol.  118,  Tab.  7222. 
Hornaday,  W.  T.  1908.  Camp  fires  on  desert  and  lava.  Charles  Scribner's  & 

Sons,  New  York.  366  pp. 
Howes,  P.  G.  1954.  The  giant  cactus  forest  and  its  world:  A  brief  biology  of  the 

giant  cactus  forest  of  our  American  Southwest.  Duell,  Sloan  &  Pearce,  New 

York.  258  pp. 
Hubbard,  H.  G.  1899.  Insect  fauna  of  the  giant  cactus  of  Arizona:  Letters  from 

the  Southwest.  Psyche  8(Suppl.  1 ):  1  - 1 4. 
James,  J.  F.  1881.  Botanical  notes  from  Tucson.  Am.  Nat.  15(12):978-987. 
Johnsen,  T.  N.,  Jr.  1959.  An  epiphytic  prickly-pear  cactus.  Ecology  40(2):324; 

1  photo. 
Johnson,  D.  S.  1924.  The  influence  of  insolation  on  the  distribution  and  on  the 

developmental  sequence  of  the  flowers  of  the  giant  cactus  of  Arizona.  Ecology 

5(l):70-82. 
Kapadia,  G.  J.,  M.  B.  E.  Fayez,  J.  L.  Sethi,  and  G.  Subba  Rao.  1970.  Synthesis 

of  the  tetrahydroisoquinoline  alkaloids  racemic  tepenine,  tehaunine,  and 

racemic-o-methylgigantine  and  revised  structure  of  gigantine.  Chem.  Com- 

mun.  1970(1 4):856-857. 
Kearney,  T.  H.,  and  R.  H.  Peebles.  1969.  Arizona  flora.  Univ.  California  Press, 

Berkeley.  1085  pp. 
Keswani,  C.  L.,  and  M.  D.  Upadhya.  1969.  Isoenzyme  changes  during  seed  ger- 
mination of  saguaro  cactus  {Carnegiea  gigantea).  Physiol.  Plant.  22(2):386- 

391;  Ulus. 
Kirk,  R.  1955.  A  year  among  the  cactus  giants.  Audubon  Mag.  57(  1 ):  1 8-2 1 . 
Kirk,  R.  1973.  Life  on  a  tall  cactus.  Audubon  Mag.  75(4):  13-23. 
Kramer,  R.  J.  1961.  Saguaro  distribution  in  relation  to  soil  moisture.  Ecol.  Soc. 

Am.  Bull.  42:157.  (Abstr.) 

Kramer,  R.  J.  1962.  The  distribution  of  saguaro  {Cereus  giganteus  Engelm.)  in 

relation  to  certain  soil  characteristics.  M.S.  Thesis.  Ariz.  State  Univ.,  Tempe. 

120  pp. 
Krebs,  C.  J.   1972.  Ecology:  The  experimental  analysis  of  distribution  and 

abundance.  Harper  &  Row,  New  York.  694  pp. 
Krizman,  R.  D.  1964.  The  saguaro  tree-hole  microenvironment  in  southern 

Arizona.  I.  Winter.  M.S.  Thesis.  Univ.  Arizona,  Tucson.  35  pp. 
Kurtz,  E.  B.,  Jr.  1948.  Pollen  grain  characters  of  certain  Cactaceae.  Torrey 

Bot.  Club  Bull.  75(5):516-522. 
Kurtz,  E.  B.,  Jr.  1963.  Pollen  morphology  of  the  Cactaceae.  Grana  Palynol. 

4(3):367-372. 
Kurtz,  E.  B.,  Jr.,  and  S.  M.  Alcorn.  1960.  Some  germination  requirements  of 

saguaro  cactus  seeds.  Cactus  Succulent  J.  32(3):72-74. 
Kurtz,  E.  B.,  Jr.,  and  S.  M.  Alcorn.  1962.  Big  saguaros  from  little  seeds  grow. 

Univ.  Arizona,  Coll.  Agric,  Prog.  Agric.  Ariz.  14(5):7.  (Reprinted  Cactus 

Succulent  J.  35:43-44,  1963.) 


Appendix  II        231 


Lamb,  J.  W.  1964.  The  fungal  flora  of  the  slime  flux  of  certain  desert  plants. 

M.S.  Thesis.  Univ.  Arizona,  Tucson.  32  pp. 
Lansford,  H.  H.  1967.  The  desert's  declining  king.  The  Denver  Post,  Empire 

Mag.  Jan.  15:32-35. 
Lemaire,  C.  1862a.  De  Fidentite  generique  du  Cereus  giganteus  Englm.  Illus. 

Hort.  (Paris)  9:Misc.  95-97. 
Lemaire,  C.  1862b.  Pilocereus  engelmanni  Nob.  Illus.  Hort.  (Paris)  9:Misc.  97- 

99. 
Levine,  M.   1933a.  Crown  gall  on  sahuaro  (Carnegiea  gigantea).  Torrey  Bot. 

Club  Bull.  60:9-15. 
Levine,  M.  1933b.  Crown  gall  on  sahuaro  (Carnegiea  gigantea).  Phytopathology 

23(1  ):21.  (Abstr.) 
Lightle,  P.  C.  1942.  Progress  report,  Organ  Pipe  Cactus  National  Monument 

1942.   Official   Rep.    3    pp.   Official    Files,   Saguaro   National   Monument 

Headquarters  (Tucson,  Ariz.). 
Lightle,  P.  C.  1947.  Field  observations  on  bacterial  necrosis  of  the  giant  cac- 
tus. M.S.  Thesis.  Univ.  Arizona,  Tucson.  21  pp. 
Lightle,  P.  C.  1948.  Cactus  inoculating  tool.  Phytopathology  38(7):578-580;  1 

fig- 
Lightle,  P.  C,  E.  T.  Standring,  and  J.  G.  Brown.  1942.  A  bacterial  necrosis  of 

the  giant  cactus.  Phytopathology  32(4):303-313. 
Lindley,  J.,  and  T.  Moore.*  1866.  The  treasury  of  botany,  Part  I.  1st  ed.  Long- 
mans, Green  and  Co.,  London.  626  pp. 
Livingston,  B.  E.  1906.  The  relation  of  desert  plants  to  soil  moisture  and  to 

evaporation.  Carnegie  Inst.  Wash.  Publ.  50.  78  pp. 
Livingston,  B.  E.,    and  F.  Shreve.   1921.  Distribution  of  vegetation  in  the 

United  States  as  related  to  climatic  conditions.  Carnegie  Inst.  Wash.  Publ. 

284.  590  pp. 
Lloyd,  F.  E.  1905.  A  botanical  laboratory  in  the  desert.  Popular  Sci.  66:329- 

342. 
Lloyd,  F.  E.  1907.  Observations  on  the  flowering  periods  of  certain  cacti.  Plant 

World  10(2):31-39. 
Lloyd,  F.  E.  1919.  The  origin  and  nature  of  the  mucilage  in  the  cacti  and  in 

certain  other  plants.  Am.  J.  Bot.  6(4):  156- 166. 
Long,  E.  R.  1915.  Acid  accumulation  and  destruction  in  large  succulents.  Plant 

World  m\0):26\-272. 
Long,  F.  L.   1929.  Stomata  which  show  functional  movement  for  a  century. 

Sriem*69(1782):218-219. 
Loqa,  H.  J.  1972.  Influence  of  mesquite,  palo  verde  and  saguaro  on  soil  chemi- 
cal properties.  Ph.D.  Thesis.  Univ.  Arizona,  Tucson.  1 28  pp. 
Lowe,  C.  H.  1 959.  Contemporary  biota  of  the  Sonoran  Desert:  Problems.  Univ. 

Arizona  Arid  Lands  Colloq.  1958-59:54-74. 
Lowe,  C.  H.  1964.  Arizona  landscapes  and  habitats.  Pages  1-132  in  Charles  H. 

Lowe,  ed.  The  vertebrates  of  Arizona.  Univ.  Arizona  Press,  Tucson. 
Lowe,  C.  H.  1966.  Life  and  death  of  the  sahuaro  in  Arizona.  Cactus  Capital 

Chatter  l(8):2-3. 
Lowe,  C.  H.,  and  D.  S.  Hinds.  1971.  Effect  of  paloverde  (Cercidium)  trees  on 

the  radiation  flux  at  ground  level  in  the  Sonoran  Desert  in  winter.  Ecology 

52(5  ):9 16-922. 
Lowe,  C.  H.,  W.  B.  Heed,  and  E.  A.  Halpern.   1967.  Supercooling  of  the 

saguaro  species  Drosophila  nigrospiracula  in  the  Sonoran  Desert.  Ecology 

48(6):984-985. 


232        Ecology  of  the  Saguaro 

Lumholtz,  C.  1912.  New  trails  in  Mexico.  Charles  Scribner's  &  Sons,  New 

York.  411  pp. 
MacDougal,  D.  T.,  1902.  Report  of  Dr.  D.  T.  MacDougal,  First  Assistant,  on 

an  expedition  to  Arizona  and  Sonora.  N.Y.  Bot.  Gard.  J.  3:89-99. 
MacDougal,  D.  T.   1905a.  The  suwarro,  or  tree  cactus.  N.Y.  Bot.  Gard.  J. 

6:129-133. 
MacDougal,  D.  T.  1905b.  Suwarro  or  saguaro.  N.Y.  Bot.  Gard.  J.  6:149-150. 

MacDougal,  D.  T.  1908a.  The  botanical  features  of  North  American  deserts. 

Carnegie  Inst.  Wash.  Publ.  99.  1 12  pp. 
MacDougal,  D.  T.  1908b.  Problems  of  the  desert.  Plant  World  ll(2):28-39. 
MacDougal,   D.   T.    1908c.   Across   Papagueria.    Plant    World   ll(5):93-99; 

11(6):123-131.  (Also  Am.  Geogr.  Soc.  Bull.  40:1-21.) 
MacDougal,  D.  T.  1908d.  The  course  of  the  vegetative  seasons  in  southern 

Arizona.    Plant    World    11(9):  1 89-201 ;    11(  10):2 1 7-23 1 ;    11(1 1):237-249; 

ll(12):261-270. 
MacDougal,  D.  T.  1908e.  The  vegetation  of  the  Tucson  region.  Univ.  Arizona 

Monthly  9(7):  1-1 8. 
MacDougal,  D.  T.   1911.  The  water  relations  of  desert  plants.  Popular  Sci. 

79:540-553. 
MacDougal,  D.  T.  1912.  The  water  balance  of  desert  plants.  Ann.  Bot.  26:71- 

93;  plates. 
MacDougal,  D.  T.  191 8a.  Annual  report  of  the  Director  of  the  Department  of 

Botanical  Research.  Carnegie  Inst.  Wash.  Yearbook  16:59-98. 
MacDougal,  D.  T.  1918b.  Rate  and  course  of  growth  of  succulents.  Carnegie 

Inst.  Wash.  Yearbook  16:83-85. 
MacDougal,  D.  T.    1924.  Growth  in  cacti.  Carnegie  Inst.    Wash.    Yearbook 

23:126-127. 
MacDougal,  D.  T.  1925a.  Absorption  and  exudation  pressures  of  sap  in  plants. 

Am.  Phil.  Soc.  Proc.  64:102-130. 
MacDougal,  D.  T.  1925b.  Absorption  and  exudation  pressures  of  sap  in  plants. 

Carnegie  Inst.  Wash.  Yearbook  24:145-147. 
MacDougal,  D.  T.  1926.  Growth  and  permeability  of  century-old  cells.  Am. 

Nat.  60:393-415. 
MacDougal,  D.  T.   1927.  Characters  of  cells  attaining  great  age.  Am.  Nat. 

61:385-406. 
MacDougal,  D.  T.,  and  E.  S.  Spalding.  1910.  The  water-balance  of  succulent 

plants.  Carnegie  Inst.  Wash.  Publ.  141.  77  pp. 
MacDougal,  D.  T.,  and  H.  A.  Spoehr.  1917.  Growth  and  imbibition.  Am.  Phil. 

Soc.  Proc.  56:289-352. 
Marcou,  J.  1869.  Note  sur  le  Cereus  giganteus  Engelmann,  et  sur  sa  distribution 

geographique.  Jardins  de  France  (Soc.  Nat.  d'Hort.  Fr.)  II,  3:676-682. 
Marshall,  W.  T.  1953.  Arizona's  cactuses.  Desert  Bot.  Gard.  Ariz.  Sci.  Bull.  1. 

116  pp. 
[Marshall,  W.  T.]  1955.  The  saguaro  cactus — Arizona's  state  flower.  Saguaro- 

landBull.  9(5):52-59. 
Marshall,  W.  T.,  and  T.  M.  Bock.   1941.  Cactaceae.  Abbey  Garden  Press, 

Pasadena,  Calif.  227  pp. 
Martin,  P.  S.,  and  C.  M.  Drew.  1969.  Scanning  electron  photomicrographs  of 

southwestern  pollen  grains.  J.  Ariz.  Acad.  Sci.  5(3):  147- 176;  photos. 
May,  C,  and  J.  G.  Palmer.   1959.  Experiments  with  captan  and  ferbam  as 

systemics  for  control  of  bacterial  rot  of  saguaro  and  organ-pipe  cactus.  Plant 

Dis.  Rep.  43(4):496-497. 


Appendix  II         233 


McDonough,  W.  T.  1963.  Interspecific  associations  among  desert  plants.  Am. 
Midi.  Nat.  70(2):291-299. 

McDonough,  W.  T.  1964.  Germination  responses  of  Carnegiea  gigantea  and 
Lemaireocereus  thurberi.  Ecology  45(  1 ):  1 55-159. 

McGinnies,  W.  G.,  P.  Paylore,  and  K.  Metrock.  1968.  Publications  related  to 
the  work  of  the  Desert  Botanical  Laboratory  of  the  Carnegie  Institution  of 
Washington,  1903-1940.  Office  of  Arid  Lands  Studies,  Univ.  Arizona,  Tuc- 
son. 50  pp.  (mimeo.) 

McGregor,  S.  E.,  S.  M.  Alcorn,  and  G.  Olin.  1962.  Pollination  and  pollinat- 
ing agents  of  the  saguaro.  Ecology  43(2):259-267. 

McGregor,  S.  E.,  S.  M.  Alcorn,  E.  B.  Kurtz,  and  G.  B.  Butler.  1959.  Bee 
visitors  to  saguaro  flowers.  J.  Econ.  Entomol.  52(5):  1002-1004. 

Metcalfe,  C.  R.,  and  L.  Chalk.  1950.  Anatomy  of  the  dicotyledons.  Clarendon 
Press,  Oxford.  2  vols. 

Mielke,  J.  L.  1943.  Progress  report  for  1943  on  bacterial  necrosis  of  cacti, 
Organ  Pipe  Cactus  National  Monument.  Official  Rep.  2  pp.  Official  Files, 
Saguaro  National  Monument  Headquarters  (Tucson,  Ariz.). 

Mielke,  J.  L.  1944a.  Summary  of  results  of  control  experiments  on  saguaro  dis- 
ease, Saguaro  National  Monument.  Saguaro  National  Monument  Headquar- 
ters (Tucson,  Arizona),  Official  Rep.  4  pp. 

Mielke,  J.  L.  1944b.  Progress  report  on  bacterial  necrosis  of  cacti,  Organ  Pipe 
Cactus  National  Monument.  Official  Rep.  2  pp.  Official  Files,  Saguaro  Na- 
tional Monument  Headquarters  (Tucson,  Ariz.). 

Milbrath,  G.  M.,  and  M.  R.  Nelson.  1972.  Isolation  and  characterization  of  a 
virus  from  saguaro  cactus.  Phytopathology  62(7):739-742. 

Milbrath,  G.  M.,  M.  R.  Nelson,  and  R.  E.  Wheeler.  1973.  The  distribution 
and  electron  microscopy  of  viruses  of  cacti  in  southern  Arizona. 
Phytopathology  63: 1 1 33- 1 1 39. 

Mitich,  L.  W.  1963.  Romance  of  the  saguaro.  Natl.  Cactus  Succulent  J. 
18(4):63-64. 

Mitich,  L.  W.*  1970a.  Romancen  om  Saguaro-en.  Kaktus  (Odense,  Denmark) 
6(3):2023-l/2. 

Mitich,  L.  W.*  1970b.  Carnegiea  gigantea  in  jeopardy.  Kaktus  (Odense, 
Denmark)  6(3):3 1-34. 

Mitich,  L.  W.*  1971.  Carnegiea  gigantea  i  fare.  Kaktus  (Odense,  Denmark) 
7(3):2023-3/4. 

Mitich,  L.  W.  1972.  The  saguaro— a  history.  Cactus  Succulent  J.  44(3):  1 1 8- 
129. 

Mitich,  L.  W.,  and  J.  G.  Bruhn.  1975.  The  saguaro— a  bibliography.  Pages  56- 
64  in  Cactus  Succulent  J.  Yearbook  (Suppl.  to  vol.  47). 

Munz,  P.  A.,  and  D.  D.  Keck.  1959.  A  California  flora.  Univ.  California  Press, 
Berkeley.  1681  pp. 

Niering,  W.  A.,  and  R.  H.  Whittaker.  1965.  The  saguaro  problem  and  grazing 
in  southwestern  National  Monuments.  Natl.  Parks  Mag.  39(213):4-9;  illus. 

Niering,  W.  A.,  R.  H.  Whittaker,  and  C.  H.  Lowe.  1963.  The  saguaro:  A 
population  in  relation  to  environment.  Science  142(3588):  15-23. 

Nurein,  M.  O.  M.  1965.  The  taxonomy  and  biology  of  Carpophilus  longiventris 
Sharp  and  Carpophilus  pallipennis  (Say)  in  cacti  in  southern  Arizona 
(Coleoptera:  Nitidulidae).  M.S.  Thesis.  Univ.  Arizona,  Tucson.  48  pp. 

Nutting,  W.  L.  1966.  Distribution  and  biology  of  primitive  dry-wood  termite, 
Pterotermes  occidentis  (Walker)  (Kalotermitidae).  Psyche  73(3):  165- 179; 
illus. 


234        Ecology  of  the  Saguaro 


Onore,  M.  J.  1967.  I.  Identities  of  the  polysaccharides  in  saguaro  cactus.  II. 

Identification  of  the  monoterpenoids  in  the  essential  oil  of  sand  sage  brush  Ar- 
temisia filifolia  (Torr.).  Ph.D.  Thesis.  Univ.  Arizona,  Tucson.  83  pp. 
Orcutt,  C.  R.  1902.  Cactaceae.  Orcutt,  San  Diego,  Calif.  17  pp. 
Parish,  S.  B.  1901.  Errors  in  the  reported  stations  of  some  southern  California 

plants.  Zoe  5(6-7-8):  109- 120. 
Parish,  S.  B.   1905.  Cereus  giganteus  in  California.  Bull.  S.  Calif.  Acad.  Sci. 

4:122. 
Pattie,  J.  O.   1833.  The  personal  narrative  of  James  O.  Pattie  of  Kentucky. 

Timothy  Flint,  ed.  E.  H.  Flint,  Cincinnati.  300  pp.  (Also  vol.   18  of  Early 

western  travels,  Reuben  Gold  Thwaites,  ed.  Arthur  H.  Clark  Co.,  Cleveland. 

1905.) 
Paylore,  P.  1 966.  Seventy-five  years  of  arid  lands  research  at  the  University  of 

Arizona:  A  selective  bibliography,  1891-1965.  Office  of  Arid  Lands  Research, 

University  of  Arizona.  95  pp. 
Peattie,  D.  C.  1953.  A  natural  history  of  western  trees.  Houghton  Mifflin  Co., 

Boston.  751  pp. 
Peebles,  R.  H.,  and  H.  Parker.   1941.  Watching  the  saguaro  bloom.  Ariz. 

Highways  17(3):16-17,  36-37;  illus. 
Peebles,  R.  H.  1946.  Watching  the  saguaro  bloom.  Desert  Plant  Life  18:55-60. 
Pfefferkorn,  I.   1795.  Sonora,  a  description  of  the  province.  Transl.  T.  E. 

Treutlein,   Coronado   Hist.   Ser.   Vol.    12.   Univ.   New   Mexico   Press,   Al- 
buquerque. 1949.  329  pp. 
Pool,  R.J.  1 9 1 6.  On  the  behavior  of  an  excised  branch  of  the  saguaro.  Plant 

World  19(1):  17-22. 
Preston,  C.  E.  1900.  Observations  on  the  root  system  of  certain  Cactaceae. 

Bot.  Gaz.  30(5):348-351. 
Preston,  C.  E.  1901.  Structural  studies  on  southwestern  Cactaceae.  Bot.  Gaz. 

32(l):35-55. 
Proctor,  C.  M.  1948.  Saguaro:  Majesty  of  the  desert.  Ariz.  Highways  24(1 2):8- 

13. 
Raab,  L.  M.  1973.  AZ  AA:5:2:  A  prehistoric  cactus  camp  in  Papageuria  [sic].  J. 

Ariz.  Acad.  Sci.  8(3):1 16-1 18. 
Reti,  L.  1950.  Cactus  alkaloids  and  some  related  compounds.  Fortsch.  Chem. 

Org.  Naturst.  6:242-289. 
Richards,  H.  M.  1915.  Acidity  and  gas  interchange  in  cacti.  Carnegie  Inst. 

Wash.  Publ.  209.  107  pp. 
Safford,  W.  E.  1909.  Cactaceae  .of  northeastern  and  central  Mexico,  together 

with  a  synopsis  of  the  principal  genera.  Pages  551,  553,  557  in  Smithsonian 

Inst.  Rep.  for  1908.  Washington,  D.C. 
Santana,  F.  J.  1961.  The  biology  of  immature  diptera  associated  with  bacterial 

decay  in  the  giant  saguaro  cactus  (Cereus  giganteus  Engelmann).  M.S.  Thesis. 

Univ.  Arizona,  Tucson.  60  pp.;  8  pp.  figs. 
Sargent,  C.  S.  1884.  Report  on  the  forests  of  North  America  (exclusive  of 

Mexico).  47th  Congr.,  2nd  Session,  House  Rep.  Misc.  Doc.  42,  pt.  9.  Dept. 

Interior.  Census  Office.  Washington,  D.C. 
Sargent,  C.  S.  1933.  Manual  of  the  trees  of  North  America  (exclusive  of  Mex- 
ico). Houghton  Mifflin  Co.,  Boston  and  New  York.  910  pp. 
Sargent,  C.  S.  1947.  Cereus  and  Cereus  giganteus.  The  Silva  of  North  America. 

Peter  Smith,  New  York.  5:51-56;  1  fig.  [Copyright  1890;  first  published  in 

1893?] 


Appendix  II        235 


Schuyler,  M.  E.  1968.  The  isolation  and  identification  of  soft  rot  Erwinia  from 

Saguaro  (Carnegiea  gigantea)  flowers.  M.S.  Thesis.  Univ.  Arizona,  Tucson.  38 

pp. 
Shantz,  H.  L.  1937.  The  saguaro  forest.  Natl.  Geogr.  Mag.  71:515-532. 
Shantz,  H.  L.,  and  R.  L.  Piemeisel.  1924.  Indicator  significance  of  the  natural 

vegetation  of  the  southwestern  desert  region.  J.  Agric.  Res.  28(8  ):72 1-801. 
Shelton,  N.  1972.  Saguaro  National  Monument,  Arizona.  (Based  on  an  earlier 

work  by  Natt  Dodge.)  U.S.  Dept.  Interior,  Natl.  Park  Serv.  Nat.  Hist.  Ser. 

U.S.  Government  Printing  Office,  Washington,  D.C.  98  pp. 
Shreve,  E.  B.  1915.  An  investigation  of  the  causes  of  autonomic  movements  in 

succulent  plants.  Plant  World  18(1 1  ):297-312;  18(  12):33 1-343. 
Shreve,  F.  1910.  The  rate  of  establishment  of  the  giant  cactus.  Plant  World 

13(10):235-240. 
Shreve,  F.  1911.  The  influence  of  low  temperatures  on  the  distribution  of  the 

giant  cactus.  Plant  World  14(6):  136- 146. 
Shreve,  F.  1912.  Cold  air  drainage.  Plant  World  15:1 10-1 15. 
Shreve,  F.  1915.  The  vegetation  of  a  desert  mountain  range  as  conditioned  by 

climatic  factors.  Carnegie  Inst.  Wash.  Publ.  217.  112  pp. 
Shreve,  F.  1917.  The  establishment  of  desert  perennials.  J.  Ecol.  5:210-216. 
Shreve,  F.  1918.  Vital  statistics  of  desert  plants.  Pages  93-95  in  Annual  report 

of  the  Director  of  the  Department  of  Botanical  Research.  Carnegie  Inst. 

Wash.  Yearbook  16. 
Shreve,  F.  1919.  A  comparison  of  the  vegetational  features  of  two  desert  moun- 
tain ranges.  Plant  World  22(\0):29\ -301. 
Shreve,  F.  1920.  An  account  of  the  saguaro.  Page  166  in  N.  L.  Britton  and  J.  L. 

Rose,  The  Cactaceae.  Carnegie  Inst.  Wash.  Publ.  248.  Vol.  2. 
Shreve,  F.  1924.  Across  the  Sonoran  Desert.  Torrey  Bot.  Club  Bull.  51(7):283- 

293. 
Shreve,  F.  1929a.  Changes  in  desert  vegetation.  Ecology  10:364-373. 
Shreve,   F.    1929b.   The   Desert  Laboratory  of  the  Carnegie   Institution   of 

Washington.  Prog.  Ariz.  8(4):1 1-12,  31-32. 
Shreve,  F.  1929c.  Sahuaro— its  flowers  and  the  way  it  grows.  Desert  1:10. 
Shreve,  F.  1931a.  The  cactus  and  its  home.  Williams  and  Wilkins,  Baltimore. 

195  pp.;  43  figs. 
Shreve,  F.   1931b.  Fouquieriaceae,  Larrea  tridentata,  Carnegiea  gigantea.  Die 

Pflanzenareale,  Ser.  3(  1  ):4-6;  3  maps.  . 
Shreve,  F.  1931c.  Physical  conditions  in  sun  and  shade.  Ecology  12:96-104. 
Shreve,  F.  1934.  The  desert  and  its  life.  Carnegie  Inst.  Wash.,  News  Serv.  Bull. 

3(16):1 13-120. 
Shreve,  F.  1935.  The  longevity  of  cacti.  Cactus  Succulent  J.  7(5):66-68. 
Shreve,  F.  1940.  The  edge  of  the  desert.  The  Assoc.  Pac.  Coast  Geogr.  Yearbook 

6:6-11. 
Shreve,  F.  1942a.  The  desert  vegetation  of  North  America.  Bot.  Rev.  8:195- 

246. 
Shreve,  F.  1942b.  Vegetation  of  Arizona.  Pages  10-23  in  T.  H.  Kearney  and  R. 

H.  Peebles,  Flowering  plants  and  ferns  of  Arizona.  U.S.  Dept.  Agric.  Misc. 

Publ.  423. 
Shreve,  F.   1945.  The  saguaro,  cactus  camel  of  Arizona.  Natl.  Geogr.  Mag. 

88:695-704. 
Shreve,  F.  1951.  Vegetation  of  the  Sonoran  Desert.  Carnegie  Inst.  Wash.  Publ. 

591.  192  pp.;  maps  and  photos. 


236        Ecology  of  the  Saguaro 

Shreve,  F.,  and  A.  L.  Hinckley.  1937.  Thirty  years  of  change  in  desert  vegeta- 
tion. Ecology  18:463-478. 
Shreve,  F.,  and  I.  L.  Wiggins.   1964.  Vegetation  and  flora  of  the  Sonoran 

Desert.  Stanford  Univ.  Press,  Stanford,  California.  2  vols.  1 740  pp. 
Simmons,  N.  M.  1966.  Flora  of  the  Cabeza  Prieta  Game  Refuge.  J.  Ariz.  Acad. 

Sci.  4(2):93-104. 
Slater,  J.  V.  1959.  Metabolic  problems  in  desert  organisms.  Univ.  Arizona  Arid 

Lands  Colloq.  1958-59:75-81. 
Snyder,  E.  E.,  and  D.  J.  Weber.  1966.  Causative  factors  of  cristation  in  the 

Cactaceae.  Cactus  Succulent  J.  38(  1  ):27-32. 
Soule,  O.   H.    1964.   The   saguaro  tree-hole  microenvironment  in   southern 

Arizona.  II.  Summer.  M.S.  Thesis.  Univ.  Arizona,  Tucson.  75  pp. 
Soule,  O.  H.  1969.  Osmotic  concentration  of  tissue  fluids  in  the  sahuaro  giant 

cactus  (Cereus  giganteus).  Ph.D.  Thesis.  Univ.  Arizona,  Tucson.  196  pp. 
Soule,  O.  H.    1970.  Dr.  George  Engelmann:  The  first  man  of  cacti  and  a 

complete  scientist.  Ann.  Mo.  Bot.  Gard.  57(2):  135-144. 
Soule,  O.  H.,  and  C.  H.  Lowe.  1970.  Osmotic  characteristics  of  tissue  fluids  in 

the  sahuaro  giant  cactus  (Cereus  giganteus).  Ann.  Mo.  Bot.  Gard.  57(3):265- 

351. 
Spalding,  E.  S.  1905.  Mechanical  adjustment  of  the  sahuaro  (Cereus  giganteus) 

to  varying  quantities  of  stored  water.  Torrey  Bot.  Club  Bull.  32:57-68. 
Spalding,  V.  M.  1909.  Distribution  and  movements  of  desert  plants.  Carnegie 

Inst.  Wash.  Publ.  113.  144  pp. 
Spalding,  V.  M.  1910.  Plant  associations  of  the  Desert  Laboratory  domain  and 

adjacent  valley.  Plant  World  13(2):31-42;  13(3):56-66;  13(4):86-93. 
Spath,  E.  1929.  Uber  das  Carnegin.  Chem.  Ber.  62:1021-1024. 
Standifer,  L.  N.,  M.  Devys,  and  M.  Barbier.   1968.  Pollen  sterols— a  mass 

spectrographic  survey.  Phytochemistry  7:1361-1 365. 
Standley,  P.  C.  1926.  Trees  and  shrubs  of  Mexico  (Bignoniaceae-Asteraceae). 

Contrib.  from  the  U.S.  Natl.  Herb.  Smithsonian  Inst.,  U.S.  Natl.  Mus.  Vol.  23. 
Standring,  E.  T.  1940.  Some  organisms  associated  with  diseases  of  giant  cac- 
tus, Carnegiea  gigantea.  M.S.  Thesis.  Univ.  Arizona,  Tucson.  29  pp. 
Steelink,  C,  E.  Riser,  and  M.  J.  Onore.  1968.  Carbohydrate  constituents  of 

healthy  and  wound  tissue  in  the  saguaro  cactus.  Phytochemistry  7:1673-1677. 
Steelink,  C,  M.  Yeung,  and  R.  L.  Caldwell.  1967.  Phenolic  constituents  of 

healthy    and    wound    tissue    in    the    giant    cactus    (Carnegiea    gigantea). 

Phytochemistry  6:1435-1440. 
Steenbergh,  W.  F.  1967.  Critical  factors  during  the  first  years  of  life  of  the 

saguaro  (Cereus  giganteus)  at  Saguaro  National  Monument.  M.S.  Thesis. 

Univ.  Arizona,  Tucson.  5 1  pp. 
Steenbergh,  W.  F.   1970.  Rejection  of  bacterial  rot  by  adult  saguaro  cacti 

(Cereus  giganteus).  J.  Ariz.  Acad.  Sci.  6(  1  ):78-81. 
Steenbergh,  W.  F.  1972.  Lightning-caused  destruction  in  a  desert  plant  com- 
munity. Southwest.  Nat.  16(3/4):419-429. 
Steenbergh,  W.  F.  1974.  The  saguaro  giant  cactus:  A  bibliography.  U.S.  Dept. 

Interior,  Natl.  Park  Serv.,  Western  Region,  San  Francisco,  California.  24  pp. 
Steenbergh,  W.  F.,  and  C.  H.  Lowe.  1969.  Critical  factors  during  the  first  years 

of  life  of  the  saguaro  (Cereus  giganteus)  at  Saguaro  National  Monument, 

Arizona.  Ecology  50(5):825-834. 
Steenbergh,  W.F.,  and  C.H.  Lowe.  1976.  Ecology  of  the  saguaro.  I.  The  role  of 

freezing  weather  on  a  warm-desert  plant  population.  Pages  69-92  in  Research  in 

the  Parks.  National  Park  Service  symposium  series  no.  1 .  Government  Printing 

Office,  Washington,  D.C. 


Appendix  II        237 


Stockwell,  [W.]  P.  1935.  Chromosome  numbers  of  some  of  the  Cactaceae. 

Bot.  Gaz.  96:565-570. 
Stockwell,  W.  P.,  and  L.  Breazeale.  1933.  Arizona  cacti.  Univ.  Ariz.  Bio.Sci. 

Bull.  1.  116  pp. 
Takacs,  D.  J.  1967.  Persistence  of  the  bacterium  Erwinia  carnegieana  in  soil  and 

its  relationship  to  the  establishment  and  survival  of  saguaro  (Carnegiea 

gigantea)  cacti.  M.S.  Thesis.  Univ.  Arizona,  Tucson.  85  pp. 
Thackery,  F.  A.,  and  A.  R.  Leding.  1929.  The  giant  cactus  of  Arizona:  The  use 

of  its  fruits  and  other  cactus  fruits  by  the  Indians.  J.  Hered.  20:400-4 1 4. 
Thornber,  J.  J.  1906.  The  Tourney  cactus  garden.  Plant  World  9(  12):273-277. 
Thornber,  J.  J.  1916.  Introduction.  Pages  119-122  in  J.  C.  T.  Uphof,  Cold-re- 
sistance in  spineless  cacti.  Univ.  Ariz.  Agric.  Exp.  Stn.  Bull.  79. 
Thornber,  J.  J.   1936.  The  Sahuaro  National  Monument.  Hoofs  and  Horns 

5(8):12. 
Thornber,  J.  J.,  and  F.  Bonker.  1932.  The  fantastic  clan;  the  cactus  family. 

Macmillan,  New  York.  194  pp. 
Thurber,  G.*  1854.  Plantae  novae  Thurberianae.  Mem.  Am.  Acad.,  n.s.  5:297- 

328. 
Toll,  R.  W.  1932.  Untitled  report  to  the  Director  of  National  Park  Service.  57 

pp.;  numerous  photos,  maps  and  pamphlets. 
Toumey,  J.  W.  1897.  The  giant  cactus.  Popular  Sci.  51:641-644. 
Tullsen,  H.  1902.  Is  the  giant  cactus  doomed?  Plant  World  5:53. 
Turnage,  W.  V.,  and  A.  L.  Hinckley.  1938.  Freezing  weather  in  relation  to 

plant  distribution  in  the  Sonoran  Desert.  Ecol.  Monogr.  8:529-550. 
Turner,  R.   M.,  and  J.  R.  Hastings.    1962.  Population  studies  of  saguaro 

(Carnegiea  gigantea  [Engelm.]  Britt.  &  Rose).  Bull.  Ecol.  Soc.  Am.  43(1  ):97. 

(Abstr.) 
Turner,  R.  M.,  S.  M.  Alcorn,  and  G.  Olin.  1969.  Mortality  of  transplanted 

saguaro  seedlings.  Ecology  50(5):835-844. 
Turner,  R.  M.,  S.  M.  Alcorn,  G.  Olin,  and  J.  A.  Booth.  1966.  The  influence 

of  shade,   soil,   and   water  on   saguaro   seedling  establishment.    Bot.   Gaz. 

127(2/3):95-102. 
Turrell,  C.  A.    1908.  Mexican  and  Castillian  Spanish.   Univ.  Ariz.  Monthly 

9(3):l-8. 
Ulehla,  V.  1925.  Water  intake  in  plant  cells  with  special  regard  to  desert  suc- 
culents. Carnegie  Inst.  Wash.  Yeabrook  24:149-152. 
U.S.  Forest  Service.  1952.  The  forest  disease  situation  in  the  Rocky  Mountain 

Region.  U.S.  Forest  Service,  Agric.  Res.  Admin.,  Division  of  Forest  Patholo- 
gy. 14  pp.  (Unpublished  report) 
Vasey,  G.  1876.  Forest-trees  of  the  United  States.  Page  163  in  USDA  Report 

for  the  Year  1875.  Washington,  D.C. 
von  Grethe,  G.,  M.  Uskokovic,  T.  Williams,  and  A.  Brossi.  1967.  Rac.  cis- 

und  trans- 1 ,2-Dimethyl-4-hydroxy-6,  7-dimethoxy- 1 ,2,3,4-tetrahydro-isochin- 

olin,    Synthese    und    Stereochemie.    Helv.    Chim.    Acta    50(8):2397-2402. 

(English  summary) 
Walton,  F.  A.  1899.  Twenty-thousand  miles  in  search  of  cacti.  Cactus  J.  2:130- 

132. 

Werner,  F.  G.  1959.  Carpophilus  longiventris  in  saguaro  blossoms.  (Coleoptera: 

Nitidulidae).  Psyche  66(3):35-36. 
Whaley,  J.  W.  1964.  Physiological  studies  of  antagonistic  actinomycetes  from 

the  rhizosphere  of  desert  plants.  Ph.D.  Thesis.  Univ.  Arizona,  Tucson.  193  pp. 


238        Ecology  of  the  Saguaro 


Whittaker,  R.  H.,  and  W.  A.  Niering.  1964.  Vegetation  of  the  Santa  Catalina 

Mountains,  Arizona.  I:  Ecological  classification  and  distribution  of  species.  J. 

Ariz.  Acad.  Sci.  3(l):9-34. 
Whittaker,  R.  H.,  and  W.  A.  Niering.  1965.  Vegetation  of  the  Santa  Catalina 

Mountains:  A  gradient  analysis  of  the  south  slope.  Ecology  46(4):  429-452. 
Wiggins,  I.  L.  1937.  Effects  of  the  January  freeze  upon  the  pitahaya  in  Arizona. 

Cactus  Succulent  J.  8: 1 7 1 . 
Wilder,   C.    S.,   and   J.   C.   Wilder.    1939.   Re-establishment   of  saguaros. 

Southwest.  Monuments  Spec.  Rep.  26:153-160. 
Wilder,  J.  C.  1940.  Saguaros,  old  and  young.  Desert  Plant  Life  12(4):65-66. 
Wright,  F.  C.  1908.  Leather  from  cacti:  Something  new.  Plant  World  11:99- 

102. 
Wright,  R.  A.  1965.  An  evaluation  of  the  homogeneity  of  two  stands  of  vegeta- 
tion in  the  Sonoran  Desert.  Ph.D.  Thesis.  Univ.  Arizona,  Tucson.  61  pp. 
Wysong,  P.  1969.  Our  saguaro  forests— are  they  doomed  to  extinction?  Arizoni- 

an  (Scottsdale)  17(24):3,  5,  23. 
Yang,  T.  W.    1957.   Vegetational,  edaphic,  and  faunal  correlations  of  the 

western  slope  of  the  Tucson  Mountains  and  the  adjoining  Avra  Valley.  Ph.D. 

Thesis.  Univ.  Arizona,  Tucson.  154  pp. 
Yang,  T.  W.,  and  C.  H.  Lowe.  1956.  Correlation  of  major  vegetation  climaxes 

with  soil  characteristics  in  the  Sonoran  Desert.  Science  123(3196):542. 


Index 


Adaptive  mechanisms,  13-14,  75 
Adult  saguaros,  3,  42,  62,  140,  144,  164, 

165,  183,  188,  189,  192,  193 
Agave  schotti.  See  Amole 
Age,  43 

class  structure,  27,  31,  51,  165,  167,  168, 
169,  189,  192 

determination,  140,  143,  144,  157,  161, 
164,  165 

reproductive,  144 
Agriculture,  Department  of,  29,  192 
Amole,  180 
Animals 

pollination  by,  38 

seed  consumption,  63,  74,  75 

seed  dispersal,  52-53,  60,  74 

seedling  destruction,  77,  84,  89,  93,  118 

See  also  Birds;  Insects;  Mammals; 
Rodents;  specific  species 
Areoles,  132 
Arms,  38,  39,  42 

Bacterial  necrosis  disease,  28-30,  183,  190 
Bacterial  rot,  189 

Bajadas,  12,  27,  43,  107,  114,  149,  189 
Bats,  38 

See  also  Long-nosed  bats 
Beetles,  93 
Birds 

cross-pollination  by,  38 

seed  consumption,  34,  52,  53,  60,  62,  63 
64,  74 

seed  dispersal,  53,  60,  74 

seedling  destruction,  77,  89,  98 
Bisnaga  cacti,  196 
Brown  townees,  53 
Buds,  33-34,  38,  50,  144 
Bureau  of  Plant  Industry,  29,  192 
Bursera  microphylla .  See  Elephant  trees 

Cactophagus  validus.  See  Weevils 
Cactus  Disease  Investigations,  192 


Cactus  Forest,  2,  27,  28,  29,  42,  74,  167, 

168,  189 
Cactus  mice,  53,  60,  89 
Cactus  removal,  167,  182,  183 
Cactus  wrens,  53,  60,  89 
Campylorhynchus  brunneicapillus.  See 

Cactus  wrens 
Canis  latrans.  See  Coyotes 
Cardon  cacti,  12,  13 
Centurus  uropygialis.  See  Gila 

woodpeckers 
Cereus  pecten-aboriginum .  See  Hecho 

cacti 
Cereus  pringlei.  See  Cardon  cacti 
Cereus  schotti.  See  Senita  cacti 
Cereus  thurberi.  See  Organpipe  cacti 
Cerro  Masiaca,  118 
Cerro  Prieto,  118 
Chain-fruit  chollas,  196 
Citellus  harrisi.  See  Harris'  antelope 

ground  squirrels 
Climate  change,  27-28,  201-202,  206-207 
See  also  Droughts;  Freezes; 
Precipitation;  Temperature 
Colaptes  chrysoides.  See  Gilded  flickers 
Collared  peccaries,  60 
Columnar  cacti,  12,  13-14,  38,  164,  193 
Coronado  National  Forest,  169 
Coyotes,  60,  74 
Crickets,  93 
Cross-pollination,  38 
Curved-billed  thrashers,  53,  60,  89 
Cutworms,  93 

Day  length,  33 
De  Candolle,  M.  A.,  30,  189 
Decomposition,  28,  29,  30,  189 
See  also  Bacterial  necrosis  disease; 
Bacterial  rot 
Desert  Botanical  Garden,  Tempe,  157,  159 
Desert  iron  wood,  196 
Desiccation,  106,  114,  144 
Dipodomys.  See  Kangaroo  rats 

239 


240        Ecology  of  the  Saguaro 


Distribution 

ecological  limitations,  30-31,  114,  130 

range,  12-13,  118 
Doves,  74 

See  also  Western  mourning  doves; 
White-winged  doves 
Droughts,  38,  50,  77,  103,  106,  114,  132 

See  also  Climate  change 

Elephant  trees,  196 
Erwinia  carnegieana,  29 

Ferocactus  wislizeni.  See  Bisnaga  cacti 
Fertilization,  38 
Fire,  169,  180 

Flowers,  33-34,  38,  42,  50,  140,  143 
Fort  Lowell,  Arizona,  168 
Freezes,  191,  197 
catastrophic,  27,  30,  38-39,  42,  106,  127, 
165,  192-193,  196-197,  201-202,  206, 
207 
injury,  28,  38-39,  42,  50,  106,  144,  165, 

193,  196,  201 
mortality,  30,  42,  50,  106-107,  127, 
129-130,  182,  189,  192,  193,  196 
See  also  Climate  change 
Fruits,  33-34,  38-39,  42,  50,  52,  53,  74,  75, 

140 
Fusarium.  See  Soft-rot  fungi 

Gambel's  quail,  53 

Germination,  33,  34,  42-43,  50,  52,  53,  60, 

62-63,  64-66,  68,  69,  75-76,  118 
Gerstaeckeria  turbida.  See  Weevils 
Gila  woodpeckers,  53,  60,  89 
Gilded  flickers,  53,  60,  89 
Grasshoppers,  93 

Grazing,  26,  168-169,  180,  181,  188,  197 
Grazing-plus-rodents  hypothesis,  26 
Ground  squirrels,  26 

See  also  Harris'  antelope  ground 
squirrels;  Round-tailed  ground 
squirrels 
Growth,  131,  163-165 

adults,  140,  144,  164,  165 

bud  removal  experiment,  144 

form  change,  140,  143-144,  157,  164 

freezing  and,  144,  149,  165 

geographical  variations,  149,  157,  159, 
161,  164-165 

juveniles,  132,  133,  139,  140,  143-144 

reproductive,  140,  143,  144,  164 

seedlings,  132,  133,  139 


Habitats,  12,  13,  26,  62,  74,  75,  89,  98, 
106,  107,  118,  129,  130,  139,  140,  149, 
164,  168-169,  180,  182,  188,  189,  192 
See  also  Bajadas;  Slopes 
Harris'  antelope  ground  squirrels,  53,  60, 
84,  89 

See  also  Ground  squirrels;  Round-tailed 
ground  squirrels 
Harvester  ants,  53,  60,  62,  64,  74 
Hecho  cacti,  12,  13 
Height,  192 

age  determination  from,  140,  143,  144, 

157,  161,  165 
freezes  and,  144,  149 
growth,  132,  139 
mortality  and,  29 
reproduction  and,  42,  43 
Historical  conditions,  166-169,  180-183, 

188,  190-193,  196,  197 
Hygroscopic  imbibition,  69,  75 

Insects 
cross-pollination  by,  38 
seed  consumption,  52,  53,  60,  62,  63,  64, 

74 
seedling  destruction,  77,  89,  92-93,  98, 

118 
See  also  specific  species 

Juvenile  saguaros,  26,  27,  28,  51,  75,  77, 
93,  106,  127,  129,  131,  132,  133,  140, 
143-144,  157,  164,  165,  168,  169,  183, 
188,  189,  192,  193 

Kangaroo  rats,  53,  60 

Lagomorphs,  27 

Lasius,  60 

Lepidoptera,  89 

Leptonycteris  nivalis.  See  Long-nosed  bats 

Leptothorax,  60 

Lightning,  30,  189 

Light  requirements,  66,  68,  75 

Long-nosed  bats,  53 

See  also  Bats 
Lophortyx  gambeli.  See  Gambel's  quail 

Mammals 

seed  consumption,  52,  53,  60,  63,  64,  74, 

89 
seedling  destruction,  89 
See  also  Rodents;  specific  species 

Mesquite,  168 


Index 


241 


Moisture,  33,  50,  69,  75,  76,  106,  114,  118, 
130,  132,  164 

See  also  Hygroscopic  imbibition; 
Precipitation 
Mortality,  169,  182,  189-190,  191 

animal  predation,  26-27,  52-53,  84,  89, 

118 
bacterial  necrosis  disease,  28-30 
fire,  169 
freeze-caused,  30,  42,  50,  106-107,  127, 

129-130,  182,  189,  192,  193,  196 
insect-caused,  89,  92-93,  98,  118 
lightning,  30,  189 
size  and,  29-30 
Moths,  93 

National  Park  Service,  2,  182,  183 
Neotoma  albigula .  See  White-throated 

woodrats 
Noctuid  moths,  93 

Older  saguaros.  See  Adult  saguaros 
Onychomys,  89 

Opuntia  fulgida .  See  Chain-fruit  chollas 
Organpipe  cacti,  12,  13,  30,  196 
Organ  Pipe  Cactus  National  Monument, 
12,  29,  149,  157,  192,  196 

Packrats,  89 
Paloverde,  168,  196 
Pavements 

impact  of,  182 
Pecari  tajacu.  See  Collared  peccaries 
Perognathus.  See  Pocket  mice 
Peromyscus  eremicus.  See  Cactus  mice 
Phenology,  33-34,  38 
Picnic  areas 

impact  of,  182-183 
Pipilo  fuscus .  See  Brown  towhees 
Pocket  mice,  53,  60 
Pogonomyrmex.  See  Harvester  ants 
Pollination,  38 
Population 

fluctuation,  26-30 

replenishment,  50 

samples,  190-192 
Precipitation,  28,  52,  65,  68-69,  74,  75, 
103,  132,  163,  164 

See  also  Climate  change;  Droughts; 
Moisture 
Predator  control,  181-182 
Prosopis  juliflora.  See  Mesquite 


Reproduction 

climatic  conditions,  33-34,  38,  50 

growth  and,  144,  164 

limitations,  38-39,  42,  50-51 

potential,  42-43,  47,  50 
Rincon  Mountains,  34,  64,  189,  190 
Rock  outcrops,  13,  106,  129,  140,  169,  180 
Rodents,  26-27,  62,  74,  77,  84,  89,  98,  181 

See  also  specific  species 
Roots,  132,  163,  182 
Round-tailed  ground  squirrels,  53,  60,  64, 

74,  84,  118 

See  also  Ground  squirrels;  Harris' 

antelope  ground  squirrels 

Seedlings,  29,  38,  53,  65,  68,  77 

animal  predation,  84,  89,  118 

drought-caused  mortality,  103,  106,  114 

freeze-caused  mortality,  106-107,  127, 

129-130 

growth,  132,  133,  139 

habitats,  107,  129-130 

insect-caused  mortality,  77,  89,  92-93, 
98,  118 

survival  experiments,  93,  98,  106,  107, 
114 

survival  factors,  118,  127,  129-130 
Seeds,  33,  38,  42,  43,  50 

dispersal,  52-53,  60,  65,  74 

germination,  33,  34,  42-43,  50,  52,  53, 
60,  62-63,  64-66,  68,  69,  75-76,  118 

loss,  53,  60,  62-64,  74-75 

reduction,  38-39 
Senita  cacti,  12,  13,  196 
Shrubs,  27,  52,  53,  168,  169,  180,  196 
Slopes,  12,  13,  60,  62,  74,  98,  106,  107, 

114,  130,  140,  164 
Soft-rot  fungi,  114 
Soil  conditions,  12,  13,  60,  68,  114,  118, 

130,  132,  183 
Sonoran  Desert,  1,  12,  13,  69,  84,  163, 

201,  202 
Spermophilus  tereticaudus .  See  Round- 
tailed  ground  squirrels 
Spines,  93,  132,  133 
Stems,  13 

form  change,  140,  143-144,  157,  164 

freeze  injury,  38,  39,  42,  144,  149,  193 

growth,  132,  133,  139,  143-144,  149,  157, 
161,  164 

height  and  age,  140,  157,  161 

moisture  storage,  33,  50 
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reproductive  growth,  38,  50,  140,  143, 
144,  164 
Tangue  Verde  Mountains,  27 
Temperature,  33,  65,  75,  106,  132,  164, 
165,  201 

See  also  Climate  change 
Tonto  National  Monument,  12,  27,  169 
Topography.  See  Habitats;  Slopes 
Toxostoma  curvirostre .  See  Curved-billed 

thrashers 
Trees,  27,  52,  53,  168,  169 
Trichocereus  terscheki,  13 
Tucson  Mountains,  29,  34,  64,  161,  189 
Tumamoc  Hill,  161 

University  of  Arizona,  29 

Vandalism,  182,  183 


Vegetative  cover,  27,  53,  75,  77,  107,  129, 
168,  169,  182,  183,  188 

Weevils,  93 
Western  mourning  doves,  53,  60 

See  also  Doves;  White-winged  doves 
White-throated  woodrats,  53,  60,  84 
White-winged  doves,  53,  60 

See  also  Doves;  Western  mourning 

doves 
Woodcutting,  168 

Young  saguaros.  See  Juvenile  saguaros 
Yuma  desert,  149 

Zenaida  asiatica.  See  White-winged  doves 
Zenaida  macroura.  See  Western  mourning 
doves 
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